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seismicity	 occurring	 in	 densely	 populated	 areas,	 such	 as	 the	 circum-Mediterranean	 area	 (e.g.,	
L’Aquila	2009,	MW	6.1;	Amatrice	2016,	MW	6.5).	Earthquake	and	fault	mechanics	is	controlled	by	





rock	 sample	 collection),	 (ii)	 construction	 of	 digital	 outcrop	 models	 of	 fault	 zones,	 (iii)	 rock	
deformation	 experiments	 (i.e.,	 rotary-shear	 experiments	 on	 gouges),	 (iv)	 microstructural	 and	
mineralogical	 investigations	 of	 natural	 and	 experimental	 fault	 products	 (optical-	 and	 scanning	
electron	microscopy,	X-ray	energy	dispersive	spectroscopy,	electron	backscatter	diffraction,	EBSD,	
transmission	Kikuchi	diffraction,	TKD).	
As	 a	 case	 study	 for	 the	 field	 investigation,	 we	 selected	 the	 seismically	 active	 fault	 zone	
outcropping	within	carbonates	 in	 the	Central	 Italian	Apennines,	namely	 the	Vado	di	Corno	Fault	
Zone	(VCFZ),	exhumed	from	<	3	km	depth.	The	fault	zone	consists	of	a	quite	complicated	network	
of	 faults	 and	 fractures	 and	of	 a	 large	 variety	 of	 fault	 rocks	 (foliated	 cataclasites,	 gouges,	 in-situ	
shattered	rocks,	sheared	veins,	etc.).	Based	on	the	field	description	of	the	fault	and	fracture	network	
and	of	 the	distribution	of	 fault	zone	rocks,	we	suggested	that	 the	 internal	structure	of	 the	VCFZ	
strongly	 resembles	 the	 buried	 structures	 associated	 to	 the	 seismic	 sequences	 in	 the	 Central	
Apennines	 and	 highlighted	 by	 high	 resolution	 hypocentral	 distributions	 obtained	 from	 seismic	










Most	 of	 these	 experimental	 conditions	 reproduced	 the	 deformation	 conditions	 occurred	 in	 the	
VCFZ.	 The	 development	 of	 a	 well-defined	 foliation	 in	 the	 gouge	 layers	 occurred	 only	 in	 the	
experiments	performed	at	slip	rates	of	1	ms-1	and	under	room-humidity	conditions.	Consistent	with	
previous	 studies,	 our	 observations	 support	 the	 notion	 that	 foliated	 gouges	 and	 cataclasites,	
especially	 in	 the	absence	of	 clay	minerals	 in	 the	matrix,	may	 form	during	 seismic	 slip	 in	natural	
carbonate-bearing	faults.	
Further	work	was	focused	on	the	investigation,	especially	by	means	of	EBSD	analysis,	of	the	
physical	 processes	 associated	 to	 strain	 accommodation	 both	 in	 the	 slip	 zones	 (composed	 by	
aggregates	of	nanoparticles,	grain	size	20-2000	nm)	and	 in	the	nearby	and	 less	deformed	gouge	
layers	 of	 the	 experimentally	 sheared	 calcite-dolomite	 mixtures.	 This	 resulted	 in	 the	 surprising	
finding	of	the	development	of	a	crystallographic	preferred	orientation	(CPO)	in	calcite	in	the	less	
deformed	gouges	when	sheared	in	the	purely	brittle	regime	(i.e.,	max	T	<	30	°C).	Here,	the	formation	
of	 a	 CPO	was	 suggested	 to	 be	 controlled	 by	 the	 strong	 anisotropy	 in	 calcite	 (cleavage	 planes),	




















Le	 rocce	 carbonatiche	 sono	 spesso	 interessate	 dall’attività	 sismica	 che	 caratterizza	 zone	
densamente	popolate,	come	l’area	Mediterranea	(e.g.,	il	terremoto	de	L’Aquila,	2009,	MW	6.1,	e	il	




sismico	 nelle	 rocce	 carbonatiche	 (principalmente	 dolomie	 e	 calcari).	 A	 questo	 fine	 abbiamo	
adoperato	un	approccio	multidisciplinare	che	ha	compreso	(i)	rilievi	geologico-strutturali	di	terreno	
(e	relativo	campionamento	sistematico	delle	rocce	di	 faglia),	 (ii)	 la	costruzione	di	modelli	digitali	





splendidamente	 esposta	 all’interno	 di	 carbonati	 dell’Appennino	 Centrale	 (Campo	 Imperatore,	
massiccio	 del	 Gran	 Sasso,	 Abruzzo),	 è	 sismicamente	 attiva	 ed	 è	 stata	 esumata	 da	 <	 3	 km	 di	
profondità.	La	zona	di	faglia	si	compone	di	un	sistema	articolato	di	faglie	e	fratture,	e	comprende	





spesso	 inferiori	 ai	 20	 m	 e	 quindi	 comparabili	 con	 le	 osservazioni	 di	 terreno)	 grazie	 a	 studi	 di	










slide).	 La	 maggior	 parte	 delle	 condizioni	 sperimentali	 imposte	 hanno	 riprodotto	 condizioni	
deformative	occorse	nella	VCFZ.	In	particolare,	la	formazione	di	una	foliazione	ben	definita	nei	livelli	
di	gouge	 è	 stata	 osservata	 solamente	 negli	 esperimenti	 eseguiti	 ad	 umidità	 ambiente	 e	 ad	 una	
velocità	 di	 1	 ms-1.	 In	 accordo	 con	 studi	 precedenti,	 le	 nostre	 osservazioni	 supportano	
l’interpretazione	che	gouge	e	cataclasiti	foliate,	in	particolar	modo	se	in	assenza	di	minerali	delle	
argille	nella	matrice,	possono	formarsi	durante	la	deformazione	cosismica	in	faglie	in	carbonati.	
Il	 lavoro	 successivo	 si	 è	 quindi	 focalizzato	 nello	 studio	 microstrutturale,	 specialmente	
mediante	 analisi	 EBSD,	 di	 faglie	 sperimentali	 composte	 da	 misture	 di	 calcite	 e	 dolomite	 per	
individuare	 i	 processi	 fisici	 associati	 alla	 intensa	 localizzazione	 della	 deformazione	 nelle	 zone	 di	
scivolamento	(spessori	<	0.1	mm)	composte	da	aggregati	di	nanoparticelle	con	una	granulometria	
compresa	tra	20	e	2000	nm,	che	nel	gouge	adiacente	e	meno	deformato	(spessori	ca.	2	mm).	Un	
risultato	 sorprendente	 di	 questa	 analisi	 è	 stata	 la	 scoperta	 dello	 sviluppo	 di	 un’orientazione	
cristallografica	preferenziale	(CPO)	nei	granuli	di	calcite	presenti	nei	livelli	meno	deformati.	Infatti	
la	mistura	è	stata	deformata	per	taglio	semplice	in	regime	puramente	fragile	(massima	temperatura	
<	 30	 °C).	 La	 formazione	 di	 una	 CPO	 è	 interpretata	 come	 conseguenza	 della	 forte	 anisotropia	
strutturale	tipica	della	calcite	(piani	di	clivaggio).	Durante	lo	scivolamento	per	taglio,	la	rotazione	
meccanica	 dei	 grani	 fa	 sì	 che	 i	 piani	 di	 clivaggio	 risultino	 progressivamente	 circa	 paralleli	 alla	
direzione	di	massima	compressione,	 comportando	 il	 cedimento	 fragile	 (fratturazione)	del	 clasto.	
Inoltre,	le	alte	stime	di	sforzo	differenziale	(ca.	170	MPa),	ottenute	attraverso	il	paleopiezometro	
per	 i	geminati	nella	calcite,	sono	state	 interpretate	come	un’indicazione	degli	elevati	sforzi	 locali	
(force	 chains)	 sperimentati	 dai	 grani	 durante	 la	 deformazione	 per	 taglio	 fino	 al	 cedimento	 per	
fratturazione.	
L’analisi	 della	 zona	di	 scivolamento	 (intensa	 localizzazione	della	 deformazione)	 in	polveri	
miste	 di	 calcite-dolomite	 deformate	 a	 velocità	 cosismiche	 (1	 ms-1)	 è	 stata	 effettuata	 tramite	
l’applicazione	di	una	tecnica	micro-analitica	innovativa,	la	TKD	(quella	presentata	nella	tesi	è	stata	
una	delle	prime	applicazioni	di	questa	tecnica	su	materiali	geologici).	Il	vantaggio	principale	nell’uso	
della	 TKD	 rispetto	 alle	 tecniche	 frequentemente	 impiegate	 per	 determinare	 la	 CPO	 nelle	 rocce,	
come	 l’EBSD,	 è	 l’alta	 risoluzione	 spaziale	 (nel	 nostro	 caso	 siamo	 riusciti	 ad	 usare	 un	 passo	 di	
campionamento	fino	a	20	nm)	e	la	grande	quantità	di	dati	raccolta,	statisticamente	significativa	per	
l’analisi	della	CPO	 rispetto,	per	esempio,	all'impiego	di	microscopi	a	 trasmissione	elettronica.	 La	
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(Balkan	 Peninsula),	 the	 Himalayan-Tethyan	 mountain	 belt	 and	 the	 Canadian	 Rockies,	 are	
characterized	 by	 the	 occurrence	 of	 carbonate	 sequences	 that	 can	 be	 as	 thick	 as	 4-10	 km	 (e.g.,	
Mirabella	 et	 al.,	 2008;	 Chiaraluce,	 2012;	 Govoni	 et	 al.,	 2014).	 In	 particular,	 in	 the	 circum-
Mediterranean	 area,	 moderate	 to	 large	 earthquakes	 (up	 to	 ca.	 MW	 7)	 and	 seismic	 sequences	
occurred	within	carbonate	host	rocks	(i.e.,	limestones	and	dolostones)	(e.g.,	Irpinia-Basilicata	1980,	
MW	 6.9;	 Bovec-Krn	 1998,	MD	 5.6;	 L’Aquila	 2009,	MW	 6.1;	 Amatrice	 2016,	MW	 6.5;	 Di	 Bucci	 and	
Mazzoli,	2003;	Burchfiel	et	al.,	2008).	Although	in	the	aforementioned	seismic	sequences	it	is	still	
debated	 whether	 the	mainshock	 nucleated	 within	 the	 crystalline	 basement	 or	 in	 the	 overlying	








for	oil	 and	gas	migration	 (e.g.,	Al-Anzi	et	al.,	2003).	 Fault	architecture	plays	also	a	major	 role	 in	
controlling	the	propagation	and	arrest	of	an	earthquake	rupture	(e.g.,	Sibson,	1985;	Wesnousky,	
1988,	2006).	 In	particular,	the	relationship	of	the	fault	network	with	the	regional	stress	field	can	
strongly	 influence	 the	 distribution	 of	 the	 foreshock	 and	 aftershock	 activity	 within	 a	 seismic	
sequence.	As	an	example,	in	the	case	of	the	Emilia	(Northern	Italy)	2012	seismic	sequence	(Lavecchia	
et	al.,	2012),	 the	aftershocks	 that	 followed	the	mainshock	MW	6.1	of	 the	20th	May,	were	mainly	
located	on	the	frontal	ramp	of	the	Ferrara	thrust	and	showed	a	progressive	eastwards	migration	
with	time.	Conversely,	the	aftershocks	related	to	the	mainshock	MW	6.0	of	the	29th	May	occurred	





structure	 and	 fault	 network	 to	 play	 a	 key	 role	 in	 the	 evolution	 of	 a	 seismic	 sequence	 (e.g.,	

















Fondriest	 et	 al.	 2015;	 Demurtas	 et	 al.	 2016).	 In	 addition,	 the	 development	 of	 fault	 zones	 in	






zone	 cutting	 through	 carbonate-built	 rocks	 in	 the	Central	Apennines	 (Italy),	 namely	 the	Vado	di	













by	 many	 factors,	 including	 the	 fault	 geometry,	 the	 frictional	 properties	 of	 the	 host	 rocks,	 the	
mechanical	 and	 chemical	 effects	 of	 fluids	 and	 the	 regional	 or	 local	 variation	 of	 the	 stress	 field	
(Sibson,	1973;	Stein,	1999;	Scholz,	2002;	Miller	et	al.,	2004).	The	frictional	behavior	of	a	fault	during	
the	 nucleation	 phase	 is	well	 described	 by	 the	 rate-and-state	 friction	 laws	 that	were	 empirically	
derived	from	experiments	performed	at	low	slip	rates	(V	<	0.1	ms-1)	and	displacements	(Dieterich,	
1979;	Ruina,	 1983;	Marone,	 1998	and	Scholz,	 2002	 for	 reviews).	However,	 the	 rate-and-state	 is	
unable	to	describe	the	significant	dynamic	weakening	observed	in	faults	when	slipping	at	seismic	
slip	 rates	 (estimated	 in	 about	 V	 ~	 1	ms-1	 based	 on	 seismic	 inversion	 data,	 Heaton,	 1990).	 Such	
frictional	evolution	with	slip	rate	seems	to	be	independent	of	the	mineral	assemblage	involved	in	
the	deformation,	but	rather	influenced	by	the	significant	amount	of	mechanical	work	rate	dissipated	
on	 the	 fault	 during	 sliding	 (Di	 Toro	 et	 al.,	 2011).	 The	 energy	 budget	 of	 an	 earthquake	 or	 the	
conversion	of	the	elastic	strain	energy	stored	in	the	wall	rocks	into	gravitational	work	(if	the	faults	
are	not	strike-slip),	radiated	energy,	on-	and	off-fault	damage,	frictional	heating,	etc.,	remains	an	






is	 thought	 to	 promote	 a	 wealth	 of	 potential	 weakening	mechanisms	 such	 as	 flash	 heating	 and	
weakening	 at	 asperity	 contacts,	 frictional	 melting,	 thermal	 pressurization,	 dehydration	 or	
decarbonation	reactions	and	activation	of	crystal-plastic	strain	accommodation	mechanisms	(e.g.,	
Rice,	2006;	Di	Toro	et	al.,	2011;	Goldsby	and	Tullis,	2011;	Violay	et	al.,	2013;	De	Paola	et	al.,	2015).	
The	 ability	 to	understand	how	 these	processes	 influence	or	 trigger	dynamic	weakening	 is	 still	 a	






date,	 the	 occurrence	 of	 solidified	 frictional	melts	 (pseudotachylyte)	 along	 exhumed	 fault	 zones	
seems	to	be	the	only	unarguable	evidence	for	seismic	slip	in	the	fault	record	(Sibson,	1975;	Di	Toro	
et	al.,	2005).		







than	 the	 occurrence	 of	 solidified	 (friction)	 carbonate	 melts	 (Viganò	 et	 al.,	 2011),	 other	
microstructural	 features	 were	 proposed	 as	 possible	 indicators	 for	 ancient	 seismic	 slip	 within	

























Within	 carbonate	 natural	 fault	 gouges,	 mixtures	 of	 calcite	 and	 dolomite	 are	 typically	
observed	 (e.g.,	 Schröckenfuchs	 et	 al.,	 2015;	 Demurtas	 et	 al.,	 2016),	 sometimes	 showing	 the	
development	 of	 a	 foliation	 (e.g.,	 Demurtas	 et	 al.,	 2016).	 Foliated	 gouges	 and	 cataclasites	 are	
common	fault	rocks	in	the	brittle	upper	crust	(Chester	et	al.,	1985;	Snoke	et	al.,	1998).	Typically,	






investigated	 the	possibility	 that	 some	of	 the	natural	 foliated	 fault	 rocks	might	have	a	 coseismic	
origin.	Rotary-shear	experiments	performed	at	V	=	1.13	ms-1	on	gouges	with	50	wt.%	calcite	and	50	
wt.%	dolomite	showed	the	development	of	a	foliation	defined	by	an	organized	banding	of	heavily	
fractured	 calcite	 and	 dolomite	 clasts	 (Smith	 et	 al.,	 2017).	 Consequently,	 Smith	 et	 al.	 (2017)	
suggested	that	some	natural	foliated	rocks	(i.e.,	compositional	banding,	grain	size	variations,	and	
preferred	particle	or	fracture	alignments)	could	form	by	distributed	brittle	flow	as	strain	localizes	
during	 coseismic	 shearing,	 especially	 if	 such	 foliations	 are	 found	 in	 proximity	 to	 other	 plausible	
evidences	of	coseismic	slip	(e.g.	mirror-like	slip	surfaces).	However,	their	interpretation	was	based	
exclusively	on	experiments	performed	at	seismic	slip	 rates	 (i.e.,	V	=	1.13	ms-1)	and	under	 room-







investigated	 in	 the	experiments	which	was	consistent	with	 the	 finding	of	 foliated	cataclasites	 in	
natural	faults	accommodating	<	0.1	m	of	slip.	
	
The	 investigation	 of	 the	 deformation	mechanisms	 that	 are	 at	 the	 base	 of	 the	 frictional	
behavior	 and	 microstructural	 evolution	 that	 we	 observe	 in	 the	 laboratory,	 such	 as	 those	
documented	 in	 Chapter	 II,	 is	 important	 to	 the	 understanding	 of	 the	 different	 phenomena	 that	
control	 the	 fault	 slip	 behavior	 within	 the	 seismic	 cycle	 (e.g.,	 Smeraglia	 et	 al.,	 2017b).	 Such	
mechanisms	 typically	 operate	 at	 scale	 lengths	 ranging	 10-9-10-2	 m.	 Cataclasis	 is	 the	 primary	
mechanism	 for	 gouge	 formation,	 grain	 size	 reduction,	 and	 has	 a	 major	 influence	 on	 strain	
localization.	The	mechanical	properties	of	gouges	are	a	function	of	their	composition,	particle	size	
distribution,	grain	shapes,	etc.	(e.g.,	Mair	et	al.,	2002;	Abe	and	Mair,	2009).	Numerous	microphysical	
models	 for	 cataclasis	 have	 been	 proposed	 to	 quantitatively	 describe	 and	 interpret	 certain	
characteristics	of	fault	rocks	such	as	the	grain	size	distribution	(e.g.,	Allègre	et	al.	1972,	Turcotte,	
1986;	Sammis	et	al.,	1987;	Sammis	and	King,	2007)	and	frictional	behavior	 (e.g.,	Bos	and	Spiers,	
2002;	 Niemeijer	 and	 Spiers,	 2007;	 den	 Hartog	 and	 Spiers,	 2014;	 Chen	 and	 Spiers,	 2016)	 as	
deformation	 proceeds.	 However,	 due	 to	 computing/technical	 limitations,	 such	 microphysical	
models	are	accompanied	by	quite	strong	assumption,	like	considering	the	sheared	gouge	to	have	
isotropic	properties	and	simple	grain	shapes	(usually	spherical	or	cylindrical).	In	the	last	decade,	the	







microphysical	 models	 (e.g.,	 constrained	 comminution	 model,	 Sammis	 et	 al.	 1987);	 (3)	 the	








m).	 Supported	 by	 detailed	 microstructural	 investigations	 (Field	 Emission	 Scanning	 Electron	






carbonate	 gouges,	 our	 analysis	moved	 from	 the	 bulk	 gouge	 (Chapter	 III),	 where	 cataclasis	 was	
operating,	to	the	principal	slip	zone	(Chapter	IV),	where	strain	localization	occurred	and	frictional	
heating	and	grain	size	reduction	were	intense	(Smith	et	al.,	2015).	Here,	the	principal	slip	zone	was	
mainly	 composed	 by	 nanogranular	 (<<	 1	 µm)	 aggregates.	 Principal	 slip	 zones	 with	 such	










factors	 that	 can	 control	 the	 influence	 of	 nanograins	 on	 the	 fault	 mechanical	 behavior	 and	 the	
inability	of	current	common	microanalytical	techniques	to	properly	investigate	them.	Some	authors	
have	ascribed	a	“mechanical”	 influence	of	 the	nanoparticle	 to	 the	dynamic	weakening	observed	
concomitant	 to	 their	 production	during	 experimental	 faulting	 (Han	et	 al.,	 2011).	More	 recently,	
experimental	 studies	performed	at	 low-	 and	high-velocity	 (slip	 rate	V	=	1	µms-1	 to	1	ms-1)	 have	
explored	the	possibility	that	nanoparticles	could	influence	fault	rheological	properties	due	to	the	
activation	 of	 “viscous”	 deformation	 mechanisms,	 with	 efficient	 strain	 accommodation	 through	
grain-size	 sensitive	deformation	mechanisms	 like	grain	boundary	 sliding	aided	by	dislocation-	or	
diffusion	 creep	 (e.g.,	 Verberne	 et	 al.,	 2013b,	 2014;	 De	 Paola	 et	 al.,	 2015;	 Green	 et	 al.,	 2015;	
Spagnuolo	 et	 al.,	 2015).	 To	 date,	 the	 investigation	 of	 deformation	 mechanisms	 active	 within	
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Diffraction,	 TKD;	 Trimby,	 2012)	 that	 allowed	 us	 to	 obtain	 the	 same	 type	 of	 information	 as	 in	
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the	 Pleistocene	 extensional	 reactivation	 of	 a	 pre-existing	 Pliocene	 thrust.	 The	 Cataclastic	 Unit	 1	
forms	 a	 ~40	 m	 thick	 band	 lining	 the	 master	 fault	 and	 recording	 in-situ	 shattering	 due	 to	 the	
propagation	of	multiple	 seismic	 ruptures.	Seismic	 faulting	 is	 suggested	also	by	 the	occurrence	of	
mirror-like	slip	surfaces,	highly	localized	sheared	calcite-bearing	veins	and	fluidized	cataclasites.	The	
VCFZ	architecture	compares	well	with	seismological	studies	of	the	L'Aquila	2009	seismic	sequence	








most	 of	 these	 belts	 (e.g.,	 the	 Apennines,	 Italy;	 the	 Hellenides-Dinarides,	 Balkan	 Peninsula;	 the	






Valoroso	 et	 al.,	 2013,	 2014)	 comparable	 to	 the	 resolution	 of	 geological	 field	 observations	 (e.g.,	
Collettini	et	al.,	2014).	Therefore,	the	characterization	of	the	internal	structure	of	exhumed	fault	
zones	 in	 the	 field	 is	 even	 more	 necessary	 both	 for	 the	 validation	 of	 the	 remotely	 acquired	





processes,	 clues	 can	 arise	 from	 laboratory	 experiments	 conducted	 both	 on	 cohesive	 and	 non-
cohesive	rocks	(e.g.,	Paterson,	1958;	Rutter,	1983;	Verberne	et	al.,	2010;	De	Paola	et	al.,	2011a;	Di	
Toro	et	al.,	2011;	Smith	et	al.,	2013)	and	from	detailed	microstructural	investigations	of	both	natural	













and	subsidiary	 faulting,	but	maintain	their	primary	 features	 (Caine	et	al.,	1996;	Wibberley	et	al.,	
2008).	Though	this	model	describes	fairly	well	a	number	of	fault	zones	in	different	tectonic	settings	
and	 lithologies	(Faulkner	et	al.,	2003;	Wibberley	and	Shimamoto,	2003;	Agosta	and	Aydin,	2006;	










extensional	 and	 compressional	deformation	 regimes	 since	 Jurassic	 times,	 resulting	 in	 a	 complex	
structural	setting	on	which	the	Quaternary	extension	is	superposed	(Elter	et	al.,	1975).	In	particular,	











In	 the	 Central	 Apennines,	 the	main	 topographic	 divide	 is	 located	within	 the	 Gran	 Sasso	
Massif	(GSM,	the	Corno	Grande,	2912	m	a.s.l.	is	the	highest	peak	of	the	Apennines),	which	marks	
the	eastern	limit	where	active	extension	occurs	(D'Agostino	et	al.,	1998).	The	GSM	is	located	at	the	
transition	 between	 the	 Mesozoic	 Latium-Abruzzi	 carbonate	 platform	 and	 the	 Umbria-Marche	
	 13	
pelagic	domain	(e.g.	Parotto	and	Praturlon,	1975).	The	inherited	paleogeography	influenced	both	
the	construction	of	 the	 thrust	belt	and	 the	subsequent	extension,	 leading	 to	 the	 formation	of	a	
complex	array	of	non-cylindrical	thrusts,	folds	and	normal	faults	whose	interpretation	is	still	largely	










and	 led	to	the	 formation	of	a	series	of	seismically	active	extensional	 fault	zones	striking	NW-SE,	










In	 this	 study,	 we	 describe	 the	 architecture	 of	 the	 Vado	 di	 Corno	 Fault	 Zone	 (VCFZ),	 an	








experienced	 coseismic	 deformation.	 Therefore,	 the	 VCFZ	 can	 be	 considered	 as	 an	 exhumed	









The	GSM	is	one	of	 the	principal	structural	 features	of	 the	Central	Apennines	and	formed	
during	Late	Messinian,	Early-Middle	Pliocene	orogenic	contraction	(Ghisetti	and	Vezzani,	1991).	The	
main	thrust	and	related	anticline	display	an	arcuate	geometry	that	consists	of	two	main	segments	
striking	 ca.	 E-W	and	N-S,	 respectively	 (Fig.	 1a).	 The	E-W	striking	 segment	 is	 characterized	by	an	
overturned	anticline	in	the	hangingwall,	cut	by	out-of-sequence	dip-slip	thrusts	(e.g.,	Ghisetti	and	














dolostones.	 Exposures	 of	 undeformed	 dolostones	 are	 not	 observed	 within	 the	 study	 area.	













after	 Cardello	 and	 Doglioni,	 2014).	 (d)	 Geological	 cross	 section	 across	 the	 Campo	 Imperatore	




































The	VCFZ	outcrops	 continuously	 for	 ca.	 5	 km	bordering	 the	northern	part	 of	 the	Campo	
Imperatore	intramontane	basin	(Fig.	1b).	The	VCFZ	belongs	to	a	larger	fault	system	(the	so	called	









we	 performed	 a	 detailed	 survey	 along	 the	 strike	 of	 the	 fault	 zone	 and	 selected	 a	 creek	 (UTM	




The	 seismic	 activity	 of	 the	 CIFS	 is	 documented	 both	 by	 paleoseismological	 studies	 and	
instrumental	seismicity	(Giraudi	and	Frezzotti,	1995;	Galli	et	al.,	2002;	Galadini	et	al.,	2003;	ISIDe	
Working	Group,	2010).	Trenches	dug	in	the	Campo	Imperatore	basin	highlighted	at	least	three	main	








The	 footwall	 block	 of	 the	 VCFZ	was	mapped	 at	 1:500	 scale	 in	 a	 selected	 creek	 and	 the	
adjacent	areas	(mapped	area	c.	0.2	×	0.4	km2;	Fig.	2a)	using,	as	a	topographic	basis,	orthorectified	
aerial	 photographs	 (spatial	 resolution	 0.2	 m,	 courtesy	 of	 the	 Regione	 Abruzzo:	


























of	 the	 structural	 domain.	 To	 prevent	 bias	 due	 to	 the	 resolution	 of	 the	 techniques	 (i.e.,	 data	
truncation)	and	the	finite	size	of	the	sampled	domain	(i.e.,	data	censoring),	measurements	were	




upper	cutoff	 is	smaller	 than	the	dimension	of	 the	sampled	domain.	Since	the	selected	range	for	
computing	fracture	abundance	was	limited	up	to	two	orders	of	magnitude,	we	used	this	data	only	
for	comparison	between	the	damage	intensity	in	the	LSDZ	and	HSDZ.	For	the	LSDZ,	fracture	traces	
were	digitized	 in	Move©	on	a	vertical	 section	oriented	perpendicular	 to	 the	master	 fault	 (strike	


















































irregular	 borders	 resembling	 fluidization	 textures	 typical	 of	 sedimentary	 flame	 structures.	 (d)	
Stereoplots	of	both	non-	and	lineated	fault	and	joints	across	the	studied	creek.	Thick	great	circles	












slip	 zones.	Microstructural	 observations	were	 conducted	 on	 polished	 thin	 sections	 (n	 =	 40)	 cut	
perpendicular	to	the	veins	and	the	slip	surfaces	and	oriented	either	parallel	or	perpendicular	to	fault	
lineations,	 using	 transmitted-light	 optical	 microscopy	 (OM),	 field	 emission	 scanning	 electron	
microscopy	 (FE-SEM),	 and	 optical	 microscopy	 cathodoluminescence	 (OM-CL).	 Mineral	 phase	
identification	and	elemental	analysis	were	performed	through	energy	dispersive	spectroscopy	(EDS)	
at	the	FE-SEM,	while	bulk	mineralogy	was	derived	from	X-ray	powder	diffraction	(XRPD)	analyses.	









At	 the	 base	 of	 the	 badlands,	 the	 contact	 between	 the	 cataclastic	 rocks	 and	 the	 hangingwall	






hangingwall	 and	 footwall	 materials,	 characterized	 by	 up	 to	 two-centimeter-thick,	 cohesive	






CU2,	 which	 crosscuts	 the	 BU	 along	 a	 SW	 dipping	 major	 synthetic	 normal	 fault.	 The	 BU	 is	 the	
lowermost	structural	unit,	which	outcrops	along	the	bottom	of	the	creek,	with	the	mean	attitude	of	






Smaller	volumes	of	LSDZ	occur	also	 in	 the	northernmost	outer	portion	of	 the	creek	towards	the	
mountain	ridge.	
The	 faults	 in	 the	 footwall	 damage	 zone	 typically	 show	 high	 dip	 angles	 (>70°)	 and	 are	
organized	 in	 two	main	sets	synthetic	and	antithetic	with	respect	 to	 the	master	 fault.	A	 third	set	
striking	 NE-SW	 is	 also	 present	 (Fig.	 3d).	 Synthetic	 faults	 include	 two	 subsets	 with	 attitude	 (dip	
azimuth/dip	angle)	N195/75°	and	N225/80°,	while	 the	average	orientation	of	 antithetic	 faults	 is	
N50/85°.	NE-SW	striking	 faults	control	 the	topography	 in	 the	upper	part	of	 the	creek	 (usually	at	
distance	greater	than	100	m	from	the	master	fault)	and	dip	both	towards	SE	and	NW.	Grooves	and	
fault	lineations	are	generally	dip-slip	for	synthetic	faults,	while	antithetic-	and	NE-SW	striking	faults	



















Original	 sedimentary	 features	 such	 as	 laminations,	 bedding	 surfaces	 and	 stylolites	 are	 easily	
recognizable.	(c)	Stereoplot	of	veins	(poles)	and	joints	(contours)	in	the	Low	Strain	Damage	Zone	
(stereographic	projection	in	the	figure	is	equal	area,	lower	hemisphere).	Here,	deformation	features	








































the	 recognition	 of	 primary	 sedimentary	 features	 much	 more	 difficult	 compared	 to	 LSDZ.	
Quantitative	scan	areas	were	performed	on	image	frames	oriented	both	parallel	and	perpendicular	








host	 rock	 and	dolomite	 veining.	 This	 structural	 unit	 is	 strictly	 related	 to	 areas	where	 the	Verde	
Ammonitico	Fm.	is	exposed	and	at	the	outcrop	scale	it	mainly	consists	of	grey,	green	to	brownish	in	
color	fault	rocks	(Fig.	6a),	which	can	be	classified	mostly	as	cohesive	crush	breccias	(Sibson,	1977).	
Following	 the	 classification	 proposed	 by	 Mort	 and	 Woodcock	 (2008)	 the	 breccias	 should	
furthermore	be	classified	as	“mosaic-crackle	breccias”	(i.e.,	clast	concentration	>	60%,	clast	rotation	























unit”	 (CU).	 At	 the	 outcrop	 scale,	 depending	 of	 the	 grade	 of	 cataclasis	 and	 preservation	 of	 the	









































CU2	exhibits	 great	 variability	 in	 the	 fabric	depending	on	 the	 source	 rock	 (e.g.	Calcare	Massiccio	
rather	than	Verde	Ammonitico).	 In	particular,	 the	occurrence	of	heterogeneities	 in	the	protolith,	
such	 as	 the	 alternation	 of	 facies	 in	 the	 Calcare	 Massiccio	 Fm.	 or	 chert	 nodules	 in	 the	 Verde	
Ammonitico	 Fm.,	 typically	 result	 in	 a	 lower	 intensity	of	deformation	of	 these	 features	 and	 their	
preservation	within	the	CU2.	
At	the	outcrop	scale,	the	CU2	is	cut	by	a	relatively	dense	network	of	dolomite-	and	calcite-
bearing	 veins	 and	 veinlets	 (maximum	 aperture	 1	 cm),	 which	 contribute	 to	 seal	 the	 entire	
fragmented	rock	volume	(Fig.	7b).	Most	of	the	veins	have	scarce	lateral	continuity	(up	to	few	10s	
cm	for	dolomite	veins	and	<10	cm	for	calcite	veins)	and	irregular	shape	possibly	due	to	subsequent	




















of	 the	CU2	embedded	 in	the	CU1.	 (c)	Minor	calcite	veins	 (white	at	BSE-SEM	image)	cross-cut	by	












small	 calcite	 clasts	 (grain	 size	 <	 10	 μm)	 (Fig.	 8d)	 and	 are	 often	 decorated	 by	 iron	 oxides	 and	
hydroxides.	Fault	spacing	is	usually	less	than	10	cm.	In	places,	mm-to	cm	thick	deformation	bands	








































Fig.	 10.	 Microstructures	 of	 non-foliated	 cataclasites.	 (a)	 Slip	 zone	 grading	 from	 cataclasite	 to	
ultracataclasite	 towards	 the	slip	 surface	 (top	of	 the	 image,	OM).	 (b)	Extended	plagues	of	 calcite	






























straight	 boundaries	 terminating	 in	 triple	 junctions	decorated	by	nanometric	 in	 size	pores	 (foam	
texture,	Fig.	9c).	The	sheared	calcite	veins	are	cut	by	sharp,	ultra-smooth	slip	surfaces	truncating	









of	 dolomite-built	 cataclasites	 grading	 into	 ultracataclasites	 (Sibson,	 1977)	 (Fig.	 10a).	 The	 non-
foliated	cataclasites	consist	of	angular	to	sub-rounded	dolostone	clasts	(size	<	1	cm)	immersed	in	a	
matrix	of	 sub-angular	dolostones	grains	 (size	below	50	μm	down	 to	1	μm).	 Extended	areas	and	
bands	of	calcite	cement	with	10–20	μm	in	size	polygonal	crystals	occur	locally	as	infilling	of	pores	in	
the	dolomite	matrix	 (Fig.	 10b).	Moving	 towards	 the	principal	 slip	 surface,	 the	 volume	of	matrix	
increases	and	the	cataclasite	grades	 into	ultracataclasites.	Both	cataclasites	and	ultracataclasites	
contain	reworked	clasts	derived	from	fragments	of	older	slip	zones	or	from	the	fragmentation	of	
the	 calcite	 cement.	 Both	 synthetic	 and	 antithetic	 Riedel	 shear	 fractures	 and	 stylolites	 are	
occasionally	found	within	the	ultracataclasites.	
Some	of	 the	 cataclasites	 include	up	 to	 1	 cm	 in	 size	 radially	 fragmented	dolostone	 clasts	












as	 cement-rich	 areas	 or	 bands	 display	 a	 peculiar	 “foliated”	 fabric.	 These	 “foliated	 cataclasites”	













the	Quaternary	deposits	consists	of	 reddish	and	whitish	 foliated	ultracataclasites	 (Fig.	3c).	Here,	
ultracataclasites	 consist	 of	 dolomite	 and	 calcite	 (reddish	 in	 color	 ultracataclasite)	 or	 dolomite	
(whitish	ultracataclasite)	clasts	<	200	μm	in	size	immersed	in	an	ultra-fine	grained	(<1	μm)	foliated	
































The	 spatial	 distribution	 of	 the	mapped	 structural	 units	 and	 the	 orientation	 of	 joints	 and	
subsidiary	faults	in	the	damage	zone,	support	their	genetic	link	with	the	activity	of	the	VCFZ	(e.g.,	
Destro,	1995;	Bai	and	Pollard,	2000).	The	occurrence	of	the	LSDZ	as	an	isolated	fault	bounded	block	
adjacent	 to	 the	 fault	 core	 is	 interpreted	 as	 the	 expression	 of	 differences	 in	 the	 protolith	 (bed	
thickness,	 grain	 size,	 presence	 of	 fenestrae,	 etc.),	 which	 have	 resulted	 in	 a	 minor	 overall	
deformation.	However,	the	limited	three-dimensional	exposure	of	this	block	in	the	field	inhibits	a	
more	 comprehensive	 understanding	 of	 the	 spatial	 relationship	 with	 the	 surrounding	 structural	
units.	The	strike-slip	kinematics	of	NE-SW	striking	high-angle	faults	in	the	upper	part	of	the	creek	
are	 interpreted	as	 tear	 faults	 likely	accommodating	 lateral	variations	 in	displacement	within	 the	
VCFZ.	The	occurrence	and	geometry	of	secondary	dolostones	and	related	veins	(i.e.,	BU),	developed	
in	the	Calcare	Massiccio	and	Verde	Ammonitico	formations	raises	the	question	whether	this	major	
dolomitization	 pulse	 was	 triggered	 by	 thrusting	 or	 Quaternary	 extension.	 The	 evidence	 that	




Massiccio	 onto	 the	Verde	Ammonitico,	well	 preserved	 to	 the	 East	 (Fig.	 1b).	On	 the	other	 hand,	
secondary	 dolostones	 are	 systematically	 crushed	 within	 fault	 rocks	 of	 the	 CU1,	 unequivocally	
associated	with	the	Quaternary	master	fault,	 indicating	that	dolomitization	preceded	extensional	
faulting.	Moreover,	cataclasites	are	cemented	by	calcite	veins.	The	latter	have	also	been	involved	in	
the	 deformation,	 thus	 providing	 another	 indirect	 evidence	 for	 the	 different	 environmental	
conditions	during	extension.	It	follows	that	the	relative	timing	of	the	major	dolomitization	pulse	can	










Field	and	microstructural	observations,	 including	 fragmentation	 in	 the	cataclasites	 locally	
showing	 lack	 of	 shearing,	 suggest	 that	 in-situ	 shattering	 (equivalent	 to	 rock	 pulverization	 in	
crystalline	lithologies),	played	a	major	role	in	the	early	stages	of	formation	of	the	CUs.	Pulverized	
fault	rocks	are	rock	volumes	that	appear	to	have	been	shattered	in-situ;	they	typically	have	very	fine	






rocks,	 and	 interpret	 rock	 pulverization	 as	 a	 consequence	 of	 high	 strain	 rate	 dynamic	 loading	
associated	with	the	propagation	of	single	or	multiple	earthquake	ruptures	along	faults	with	different	

























within	 the	cataclastic	 rocks,	exploded	clasts	and	 relics	of	older	 in-situ	 shattered	microstructures	
were	often	observed.	This	suggests	that	the	propagation	of	multiple	seismic	ruptures	(see	section	
7.2)	might	have	produced	in-situ	shattering	up	to	several	meters	from	the	master	fault	(Fig.	12a–d).	
During	 each	 shattering	 event,	 coseismic	 strain	 localization	 along	 multiple	 slip	 surfaces	 evenly	
distributed	in	the	fractured	rock	mass	was	likely	to	be	activated	(Ma	and	Andrews,	2010;	Fondriest	
et	al.,	2015).	Further	displacement	and	strain	(i.e.,	widening	of	the	single	cataclastic	bands)	were	











Tesei	 et	 al.,	 2013)	 and	 are	 described	 as	 naturally	 polished	 fault	 surfaces	 with	 high	 visible-light	





seismic	 slip	 rates	 (∼10	 μms-1)	 in	 calcite	 gouges	 (Verberne	 et	 al.,	 2013a),	 mirror-like	 surfaces	
	 45	
produced	at	seismic	slip	rates	(∼1	ms-1)	sharply	truncate	large	grains	(hundreds	of	micrometers	in	








associated	 with	 grain-size	 dependent	 (grain	 boundary	 sliding	 aided	 by	 diffusion	 creep)	 fault	
weakening	mechanisms	activated	during	seismic	slip	(De	Paola	et	al.,	2015),	possibly	followed	by	
sintering	processes	occurring	at	the	end	of	seismic	slip	(Di	Toro	et	al.,	2015;	Green	et	al.,	2015).	





and	 shearing	 of	 veins	 sub-parallel	 to	 localized	 slip	 zones	 suggest	 the	 cyclic	 build-up	 of	 fluid	




















fluidized	 layers	 develop	 up	 to	 5	 cm	 away	 from	 the	 slip	 surface	 and	 include	 wavy	 borders	 and	
injection	 of	 material	 in	 the	 surrounding	 cataclasite	 (e.g.,	 Fig.	 11c).	 In	 the	 Kodiak	 accretionary	
complex	 (Alaska,	USA),	Brodsky	et	al.	 (2009)	described	cuspate-lobate,	 locally	 intrusive,	contacts	
between	black	 in	 color	aphanitic	 rocks	with	 flame-like	and	 laminar	 to	 convolute	 flow	 structures	
interpreted	as	pseudotachylytes	and	foliated	illite-rich	cataclasites.	Similar	fluidal	structures	were	
described	 in	 slip	 zones	 cutting	 carbonates	 and	were	 tentatively	 associated	with	 seismic	 faulting	






(e.g.,	Sibson,	1990;	Fondriest	et	al.,	2012).	The	 fluidized	 features	 in	 the	VCFZ	compare	well	with	
laminar	grain	flow	layers	characterized	by	grain	preferred	orientation	parallel	to	the	fault	surface	
(Rowe	 and	 Griffith,	 2015).	 Consequently,	 the	 presence	 of	 calcite-cemented	 cataclasite	 and	 the	


























Valoroso	 et	 al.	 (2013,	 2014)	 depicted	 the	 seismic	 faults	 of	 the	 area	 by	means	 of	 high-precision	



















of	 focal	 mechanism	 solutions	 for	 both	 foreshocks	 and	 aftershocks.	 Chiaraluce	 et	 al.	 (2011)	
documented	a	strong	predominance	of	extensional	solution	(i.e.,	normal	and	transtensional,	82%),	
with	strike-slip	 focal	mechanism	solutions	 (13%)	 typically	 located	at	 linkage	areas	between	 fault	
segments.	A	minor	occurrence	of	compressive	earthquakes	 (i.e.,	 thrust	and	transpressive,	5%)	 is	
dispersed	in	the	fault	system.	This	distribution	compares	well	with	the	kinematics	measured	on	fault	
surfaces	 in	 the	 VCFZ.	 Although	 evidence	 of	 extension-related	 thrust	 kinematics	was	 not	 found,	
extensional	 and	 transtensional	 faults	 were	 the	most	 recurrent	 structures.	Moreover,	 strike-slip	
kinematics	were	associated	with	faults	interpreted	as	kinematic	tears.	
Therefore,	 all	 the	 documented	 similarities	 between	 the	 VCFZ	 and	 the	 buried	 structures	
activated	during	the	L'Aquila	2009	seismic	sequence	described	through	seismological	 techniques	
	 49	
















and	 interpreted	 as	 kinematic	 tears.	 The	 spatial	 distribution	 of	 the	 fault	 and	 fracture	 network	


















5	 km).	 The	 low-angle	 plane	 was	 interpreted	 as	 a	 flat	 portion	 of	 a	 thrust	 inherited	 from	 the	
compressional	phase	during	Miocene-Pliocene	and	exploited	as	low-angle	extensional	fault	during	
















































and	 50	 wt.%	 dolomite.	 The	 gouge	was	 sheared	 for	 slip	 rates	 ranging	 from	 30	 µms-1	 to	 1	ms-1,	
displacements	up	to	0.4	m,	normal	load	of	17.5-26	MPa	and	under	both	room-humidity	and	water-
dampened	conditions.	Slide-hold-slide	experiments	were	performed	with	velocity	steps	from	30	µms-

















al.,	 2006;	Molli	 et	 al.,	 2010;	 Tesei	 et	 al.,	 2014;	 Fondriest	 et	 al.,	 2015;	 Delle	 Piane	 et	 al.,	 2017).	
Carbonates	 are	 a	 widely	 recurrent	 lithology	 typically	 involved	 in	 crustal-scale	 deformation.	 The	
distribution	 of	 dolomitic	 rocks	 in	 respect	 to	more	 calcitic	 ones	 often	 play	 an	 important	 role	 in	
controlling	where	localization	might	occur.	As	an	example,	in	the	Naukluft	Nappe	Complex	(central	
Namibia),	 the	 distribution	 of	 variably	 dolomitized	 rocks,	 likely	 played	 a	 significant	 role	 in	 the	
structural	evolution	(Viola	et	al.,	2006;	Miller	et	al.,	2008),	with	ductile	deformation	localized	along	





during	 fault-related	 deformation	 shows	 important	 differences.	 The	 rheology,	 deformation	
mechanisms	 and	 frictional	 behavior	 of	 calcite	 have	 been	 investigated	 under	 a	 wide	 range	 of	





al.,	 2017).	 Comparatively,	 the	 rheology	 and	 frictional	 behavior	 of	 dolomite	 is	 relatively	 poorly	
understood,	 although	 dolomite	 has	 received	 an	 increasing	 amount	 of	 attention	 in	 recent	 years	
thanks	 to	 an	 increasing	 number	 of	 studies	 showing	 its	 occurrence	 both	 in	 sedimentary	 and	
metamorphic	 setting,	 typically	 together	with	 calcite	 (e.g.,	 Barber	 et	 al.,	 1981;	Weeks	 and	Tullis,	
1985;	Austin	and	Kennedy,	2005;	Delle	Piane	et	al.,	2007,	2008;	Davis	et	al.,	2008;	De	Paola	et	al.,	
2011a,	2011b;	Fondriest	et	al.,	2013;	Holyoke	et	al.,	2014).	At	 low	strain	rates	dolomite	exhibits	
brittle	 behavior	 up	 to	 ~	 700	 °C	 (Kushnir	 et	 al.,	 2015),	 while	 calcite	 can	 deform	 plastically	 at	
temperatures	 of	 150	 –	 200	 °C	 (Kennedy	 and	White,	 2001).	 This	 pronounced	 difference	 in	 the	
deformation	style	under	similar	ambient	conditions	can	affect	the	rheology	of	shear	zones	in	which	














Under	 such	experimental	 conditions,	 two	main	deformation	mechanisms	were	observed:	brittle	
fracturing	in	the	dolomite	grains	and	ductile	flow	in	calcite,	possibly	as	a	result	of	grain	boundary	
sliding	 assisted	 by	 diffusion	 creep	 and	 dislocation	 glide	 (Kushnir	 et	 al.,	 2015).	 Strain	 hardening	
observed	 in	 these	experiments	was	 interpreted	 to	be	due	 to	dolomite	 grains	 interrupting	more	
continuous	calcite-rich	layers	and	acting	as	stress	concentrators.	Brittle	failure	of	dolomite	grains	
eventually	 allowed	 the	 calcite-rich	 layers	 to	 become	 continuous	 and	 to	 continue	 deforming	 by	
superplastic	flow.	Electron	Backscattered	Diffraction	(EBSD)	analysis	on	both	calcite	and	dolomite	





















































Fig.	 2.	 (next	 page)	 Rotary-shear	 experimental	 setup.	 a)	 Detectors	 assemblage	 in	 the	 sample	
chamber.	Gas	emission,	 room	humidity	and	room	temperature	detectors	were	placed	at	<	1	cm	
from	 the	 sample	 holder.	 Four	 thermocouples	 were	 placed	 on	 the	 stationary	 side	 at	 increasing	
distance	from	the	gouge	layer.	Note:	the	position	of	the	thermocouple	nearest	to	the	gouge	layer	is	
not	visible	here	and	 is	 illustrated	 in	b).	b)	Diagram	of	 the	gouge	holder	with	 the	 location	of	 the	












prior	 to	 the	 onset	 of	 dynamic	 weakening,	 a	 well-defined	 foliation	 developed	 within	 the	 gouge	
mixtures	 due	 to	 brittle	 fracturing	 of	 calcite	 and	 dolomite	 grains	 and	 shearing	 of	 the	 fractured	
material	 in	to	compositional	bands	(Mitchell	et	al.,	2015;	Smith	et	al.,	2017).	These	observations	
indicate	that	some	examples	of	foliated	gouge	and	cataclasite	could	form	during	coseismic	shearing	




Motivated	 by	 microstructural	 observations	 of	 natural	 calcite-dolomite	 gouges	 (e.g.,	
Demurtas	 et	 al.,	 2016),	 Steven	 Smith	 and	 Michele	 Fondriest	 (unpublished	 data)	 performed	




the	 same	deformation	 conditions	 (acceleration,	 target	 slip	 rate,	 normal	 stress,	 gouge	 thickness,	
ambient	conditions,	etc.)	pure	dolomite	gouges	show	a	much	shorter	(d	≤	0.01	m)	strengthening	





The	 aims	 of	 this	 study	 are:	 (1)	 to	 expand	 on	 the	 preliminary	 experiments	 of	 Smith	 and	
Fondriest	 (unpublished)	 to	 better	 understand	 how	 the	 presence	 of	 dolomite	 influences	 the	
mechanical	 behavior	 of	 carbonate	 gouges	 during	 faulting;	 (2)	 identify	 any	 diagnostic	
microstructures	in	mixed	carbonate	gouges	that	could	be	associated	with	seismic	and/or	aseismic	












with	 a	 modal	 composition	 of	 98.8	 wt.%	 calcite	 and	 <	 1	 wt.%	 of	 dolomite	 and	 muscovite	 (see	
Appendix	A	for	XRPD	analysis).	The	dolomite	gouge	was	derived	by	crushing	the	Calcare	Massiccio	
Fm.	outcropping	in	the	High	Strain	Damage	Zone	of	the	VCFZ	(Demurtas	et	al.,	2016).	In	this	area,	
the	 Calcare	 Massiccio	 Fm.	 was	 entirely	 "dolomitized"	 (100	 wt.%	 dolomite	 according	 to	 XRPD	
analysis,	 see	 Appendix	 A;	 this	 composition	 was	 confirmed	 by	 scanning	 electron	 microscope	
investigations	performed	on	the	gouges).	The	crushed	gouges	were	passed	through	a	250	µm	sieve	
and	then	mixed	together	by	slowly	tumbling	for	ca.	30	minutes	(Fig.	2e).	The	XRPD	semi-quantitative	













from	1.0	 10-5	 to	 3.0	 10-3	m/s,	while	 the	 second	 and	 bigger	motor	 dissipates	 up	 to	 280	 kW	and	
imposes	slip	rates	ranging	from	1.0	10-3	to	9	m/s.	The	gouges	were	deformed	inside	a	metal	holder	
specifically	designed	for	incohesive	materials	(Fig.	2;	Smith	et	al.,	2013,	2015).	The	gouge	sample	
assembly	 includes	 rotary	 and	 stationary	 pieces	 (in	 the	 latter,	 only	 the	 "axial"	movements	were	
allowed).	The	rotary	side	of	 the	gouge	holder	consists	of	a	base	plate	and	 inner	and	outer	rings	
(int./ext.	diameters	of	35/55	mm)	that	prevent	gouge	extrusion	and	allow	sliding	over	a	base	disc	
located	 in	 the	 stationary	 base	 plate.	 The	 thickness	 of	 the	 gouge	 layer	 at	 the	 initiation	 of	 the	
	 60	
experiment	was	 ca.	 3	mm.	Mechanical	 data	 (i.e.,	 axial	 load,	 torque,	 axial	 displacement,	 angular	
rotation)	were	acquired	at	a	frequency	up	to	25	kHz,	and	determination	of	(equivalent)	slip	rate	
(defined	 as	𝑣% = 	 4𝜋𝑅 𝑟,- + 𝑟,𝑟/ + 𝑟/- 3 𝑟, + 𝑟/ ,	with	𝑟, 	 and	𝑟/	 being	 the	 inner	 and	outer	
radius	 of	 the	 sample,	 respectively,	 and	 𝑅	 the	 number	 of	 revolutions	 per	 minute;	 Hirose	 and	




transformer	 (DCDT,	 50	 mm	 range	 and	 ∼	 50	 μm	 resolution)	 and	 a	 linear	 variable	 differential	





cm	 from	 the	 gouge	holder	before	 and	during	 the	experiments	 (Fig.	 2a).	 Temperature	 variations	
during	deformation	 in	 the	gouge	were	measured	at	an	acquisition	 rate	of	2.5	Hz	by	 four	K-type	
thermocouples	(Nickel-Alumel)	installed	on	the	stationary	side	(Fig.	2a-b).	One	thermocouple	was	
positioned	 at	 ~	 200	µm	 from	 the	 gouge	 layer	 (Fig.	 2b),	where	 temperature	 increase	 is	 typically	





























epoxy	 (Araldite	 2020)	 for	microstructural	 analysis.	 Polished	 petrographic	 thin	 sections	were	 cut	
perpendicular	to	the	slip	surface	and	both	parallel	(i.e.,	tangential	cut)	and	perpendicular	(i.e.,	radial	
cut)	to	the	slip	direction	(Fig.	2).	Detailed	microstructural	investigation	was	performed	with	a	Zeiss	
Sigma	 VP	 Field-Emission	 Scanning	 Electron	Microscope	 (SEM)	 installed	 at	 the	 Otago	 Centre	 for	
Electron	Microscopy	(University	of	Otago)	operating	in	backscattered	mode	(acquisition	conditions:	
accelerating	voltage	15	kV,	working	distance	6-7	mm).	Energy-dispersive	X-ray	spectroscopy	(EDS)	
in	 the	 SEM	 was	 used	 to	 produce	 elemental	 maps	 showing	 the	 distribution	 of	 calcium	 and	















by	a	small	decrease	 (Dµ	<	0.03)	 in	 the	 first	~	0.02	m	of	slip	and	then	by	a	slow	and	progressive	






























Fig.	 3.	 (see	 previous	 page	 for	 a-d)	 Mechanical	 data	 of	 rotary-shear	 experiments	 on	 calcite-
dolomite	mixtures.	a-c)	Effective	friction	coefficient	evolution	with	slip	under	room-humidity	and	
water-dampened	 conditions,	 respectively.	 In	 room-humidity	 conditions,	 the	 gouge	 showed	 slip-
strengthening	behavior	up	to	slip	rate	of	0.01	ms-1.	For	V	≥	0.1	ms-1,	slip-weakening	was	observed.	
Conversely,	 in	 water-dampened	 condition,	 slip-strengthening/neutral	 evolution	 of	 the	 effective	
friction	coefficient	was	observed	up	to	a	slip	rate	of	0.1	ms-1.	Weakening	was	observed	only	when	
slip	 rate	 reached	1	ms-1.	 c-d)	Detail	 of	 effective	 friction	 coefficient	 evolution	 for	 slip	 ≤	 0.1	m	 in	





















Fig.	 5.	 Experimental	 measure	 of	 temperature	 evolution.	 Temperature	 measurements	 were	





In	 the	 slide-hold-slide	 experiments	 performed	 in	 room-humidity	 and	 water-dampened	
conditions,	the	evolution	of	the	friction	coefficient	during	the	first	slip	pulse	was	consistent	with	the	












evolution	with	 slip	 is	 interpreted	 to	be	due	 to	dilation	and	compaction	within	 the	gouge	 layers,	





















increase	 was	 seen	 in	 the	 room-humidity	 experiment	 that	 slid	 at	 1	 ms-1,	 with	 a	 measured	
temperature	of	ca.	610	°C.	At	the	same	slip	rate,	but	 in	the	presence	of	fluid	water	(experiment	








of	calcite/dolomite,	 the	above	thermal	and	physical	properties	were	averaged	 in	a	way	that	 the	
temperature	rise	accounted	for	the	presence	of	both	minerals	in	the	gouge	(Table	2).	Therefore,	the	
equation	to	estimate	the	bulk	temperature	rise	 in	the	gouge	mixture	 is	 (the	suffixes	cal and	dol	
stand	for	calcite	and	dolomite,	respectively):	
	 Δ𝑇 = 	 =>? @A- BCDEFGHDEF IJDEF + BCKLFGHKLF IJKLF .	
	
For	experiments	performed	under	water-dampened	conditions,	the	presence	of	water	must	




























Fig.	 8.	 (previous	 page)	 X-ray	 powder	 diffraction	 analysis	 of	 experimental	 bulk	 gouge	 and	 slip	
















and	 high-velocity	 experiments	 are	 shown	 in	 Fig.	 6.	 The	 maximum	 estimated	 T	 was	 727°C	 for	
experiment	s1324	(i.e.,	1	ms-1	at	26	MPa)	(Fig.	6).		
In	the	case	of	water-dampened	experiments,	simplifications	on	the	physical	properties	of	
water	 (i.e.,	 constant	physical	properties	 throughout	 the	experiment	 independent	of	 variation	of	
ambient	condition)	were	taken	given	the	difficulty	of	considering	the	continuous	changes	in	𝜌,	𝑐;	
and	𝜅	with	temperature	and	pressure	due	to	experimental	limitations	on	pore	pressure	calculations.	
Moreover,	 the	 latent	 heat	 of	 vaporization	 that	would	 buffer	 the	 temperature	 increase	was	 not	

















(s1210,	 s1214,	 s1218,	 s1221,	 s1222).	 Observation	 of	 the	 main	 peaks	 of	 calcite	 and	 dolomite	
suggested	 a	 reduction	 in	 the	 crystallite	 (defined	 as	 single	 particle/grain	 that	 contributes	 to	 the	
diffractogram)	size	 in	the	room-humidity	experiment	at	30	µms-1	 (Fig.	8c-f).	Moreover,	 the	main	
calcite	peak	showed	a	Lorentzian	profile,	which	corresponds	to	a	large	crystallite	size	distribution	
(Fig.	8f).	 This	decrease	 in	 the	crystallite	 size	 is	 consistent	with	microstructural	observations	 that	
shows	the	development	of	a	thick	slip	zone	where	intense	comminution	occurred	(see	Fig.	11b).	
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XRPD	analysis	of	 the	chips	of	 recovered	slip	 surfaces	 shows	 the	presence	of	aragonite	 in	
water-dampened	 experiment	 s1214	 performed	 at	 V	 =	 30	 µms-1.	 Given	 that	 aragonite	 was	 not	
present	in	the	starting	material	(Fig.	8a-g,	Table	1	and	Appendix	A),	the	transformation	of	calcite	
into	aragonite	due	to	mechanical	grinding	is	a	possibility	(Li	et	al.	(2014).	However,	Li	et	al.	(2014)	
investigated	 the	 polymorphic	 transformation	 only	 under	 room-humidity	 conditions.	 This	 could	
imply	 that	 in	 our	 experiments	 there	 were	 either	 dry	 patches	 where	 the	 calcite	 to	 aragonite	
transformation	 occurred,	 or	 that	 such	 transformation	 is	 also	 possible	 under	 water-saturated	
conditions.	Further	investigation	to	address	this	matter	 is	required	because	aragonite	could	be	a	
useful	 marker	 of	 such	 a	 phase	 transformation	 in	 natural	 fault	 zones.	 Under	 room-humidity	
conditions	at	V	=	1	ms-1,	the	slip	surface	consists	of	dolomite,	Mg-calcite	and	periclase	(MgO)	(Fig.	




Figure	 9	 summarizes	 the	 range	of	microstructures	 that	 developed	 in	 room-humidity	 and	









the	slip	 surface	and	 the	slip	zone	are	 thought	 to	accommodate	 the	bulk	of	displacement	during	
























































Each	 individual	 shear	band	 includes	a	very	 fine	grained	matrix	 (grain	size	<	1	µm)	of	calcite	and	
dolomite	(Fig	11a),	commonly	too	fine	grained	to	be	resolved	at	the	SEM,	embedding	a	few	grains	
of	sub-rounded	dolomite	up	to	few	tens	of	micrometers	in	size	(Fig.	11a-b).	Multiple	shear	bands	
contribute	 to	 a	 boundary-parallel	 foliation	 (Fig.	 11b-c).	 The	 shear	 bands	 were	 typically	 slightly	
brighter	at	the	SEM,	probably	implying	a	higher	abundance	of	calcite	grains	and	perhaps	reduced	
porosity	(Fig.	11d).	Given	the	same	normal	stress,	slip	rate	and	ambient	conditions,	experiments	
performed	with	 increasing	displacement	 (i.e.,	s1322	and	s1210,	see	Table	1)	suggest	 that	calcite	






In	 water-dampened	 conditions,	 the	 area	 furthest	 from	 the	 slip	 zone	 was	 composed	 of	
unaffected	starting	material	(D0;	Fig.	12a).	Most	the	gouge	was	composed	of	domain	D1	in	which	
the	 overall	 grain	 size	 decreased	 and	 the	 matrix	 content	 increased	 compared	 to	 the	 starting	
materials.	 In	 experiment	 s1214	 at	 30	 µms-1	 this	 domain	 also	 contained	 a	 foliation	 defined	 by	
compositional	banding	Fig.	12b).	Both	calcite	and	dolomite	clasts	in	D1	are	angular	to	sub-angular.	
A	 few	 intensely	 fractured	 large	 clasts	 (~	 100	 µm	 in	 size)	 of	 calcite	 were	 found	 (Fig.	 12b).	 The	









Experiments	 performed	 at	 30	 µms-1	 and	 increasing	 displacement	 (s1327,	 s1329,	 s1328,	
s1330-s1214	with	 displacement	 of	 0.05	 -	 0.1	 -	 0.2	 -	 0.4	m,	 respectively)	 showed	 that	 the	 three	






























0.01-0.1	ms-1).	 a)	 Fine-grained	matrix,	 b)	 Y-,	 R-	 and	 R’-shear	 bands	 cutting	 the	 slip	 zone	 and	 c)	
fracturing	in	the	underlying	gouge	for	slip	rates	of	0.01	ms-1.	d)	Development	of	a	slight	foliation	in	
a	highly	comminuted	layer	beneath	the	PSS.	e)	The	PSZ	is	characterized	by	a	very	fine-grained	matrix	












Fig.	 15.	 (see	previous	page	 for	 a-f)	Microstructures	of	 room-humidity	experiments	 in	 the	high	
velocity	regime	(V	=	1	ms-1).	a)	The	gouge	show	the	development	of	a	striking	foliation	consisting	in	
alternation	of	calcite-	and	dolomite-rich	domains.	Foliation	is	typically	antithetically	inclined	~	40°	
from	 the	 PSS	 and	 becomes	 subparallel	 to	 gouge	 boundaries	when	 approaching	 the	 PSS.	 Larger	
dolomite	(and	when	present	calcite)	clasts	have	tails	of	fine-grained	material,	resembling	mantled	
porphyroclasts	 in	 mylonites.	 b)	 Dolomite	 clasts	 beneath	 the	 PSS	 are	 typically	 characterized	 by	
internal	 small	 holes	 and	 vesicular	 rims	 interpreted	 as	 due	 to	 degassing	 during	 dolomite	
decarbonation	 reactions.	 c)	 The	 PSS	 is	 characterized	 by	 banding	 of	 ultra-fine	 (<<	 1	 µm)	 porous	
material	made	of	dolomite	and	its	decarbonation	products,	alternated	with	calcite	ribbons	showing	
a	shape	preferred	orientation	up	to	10	µm	in	size.	d)	EDS	map	of	c)	showing	chemical	banding	inside	
the	 decarbonated	 volume.	 e)	 The	 PSS	 is	 characterized	 by	 a	 15	 µm	 thick	 decarbonated	 volume	
undergoing	dynamic	recrystallization.	Dynamically	recrystallized	calcite	exhibiting	development	of	
a	crystallographic	preferred	orientation	 (CPO)	can	be	seen	up	 to	~	70	µm	from	the	PSS	 (yellow-
contoured	 area).	 f)	 Orientation	 data	 for	 calcite	 in	 area	 highlighted	 in	 e).	 Calcite	 shows	 the	
development	 of	 a	 clear	 CPO	with	 the	 c-axes	 oriented	 roughly	 sub-parallel	 to	 the	 instantaneous	


















At	a	slip	 rate	of	0.1	ms-1	domain	D2w	was	characterized	by	 inverse	grain-size	grading	 (Fig.	14b),	
characterized	 by	 an	 abundance	 of	 relatively	 large	 and	 angular	 dolomite	 particles	 immediately	
adjacent	to	the	PSS	and	an	absence	of	such	particles	in	the	distal	slip	zone.	These	microstructures	
resembles	 the	 Brazil	 nut	 effect,	 a	 phenomenon	 observed	 when	 a	 homogeneously	 distributed	



















with	 shape	 preferred	 orientation	 with	 the	 long	 axis	 sub-parallel	 to	 the	 foliation	 and	 negligible	
porosity	(Fig.	15c).	 Instead,	Mg-calcite	rich	domains	had	higher	porosity	and	finer	grain	size	(Fig.	
15c).	 Electron	 backscattered	 diffraction	 (EBSD)	 analysis	 on	 the	 calcite	 domains	 showed	 the	
development	 of	 a	 distinct	 crystallographic	 preferred	 orientation	 (CPO)	 with	 the	 c-axes	 inclined	
perpendicular	 to	 the	 instantaneous	shortening	direction	 (Fig.	15e-f;	 see	also	Smith	et	al.,	2013).	
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Adjacent	to	the	PSZ,	a	~30-40	µm	thick	layer	included	dolomite	grains	with	diffuse	internal	cracking,	
clusters	 of	 small	 holes	 and	 vesicular	 rims	 interpreted	 as	 due	 to	 degassing	 during	 dolomite	







































gouge	 (D2d).	 Locally,	 the	 foliation	wrapped	 around	 large	 (up	 to	 70-80	µm)	dolomite	 grains	 and	









































4.1.	 Strain	 localization	 and	 dynamic	 weakening	 mechanisms	 in	 calcite-dolomite	
mixtures	
	
The	 microstructures	 and	 mechanical	 behavior	 of	 calcite-dolomite	 gouge	 mixtures	 show	
significant	 differences	 between	 the	 room-humidity	 and	 water-dampened	 cases	 (Figs.	 9	 to	 18).	
Under	room-humidity	conditions,	the	slip	zone	was	composed	of	a	fine-grained	(i.e.,	<	1	µm)	mixture	
of	calcite	and	dolomite	with	sharp	boundaries	to	the	underlying	fractured	gouge	(so	called	D1).	For	
slip	 rates	 between	 30	 µms-1	 and	 0.01	 ms-1	 dilation	 was	 commonly	 observed	 during	 the	 slip-
strengthening	phase	prior	to	the	achievement	of	steady	state	friction	(Fig.	4b).	This	was	associated	
with	 the	 development	 of	 R2-shear	 bands	 in	 the	 slip	 zone	 (Figs.	 9-11).	 These	 observations	 have	









Fig.	 17.	 (previous	 page)	 Microstructures	 produced	 in	 the	 30	 µms-1	 to	 1	 ms-1	 velocity	 step	
experiments.	a)	to	d)	room	humidity	conditions;	e)	water-dampened	conditions.	a)	Characteristic	
microstructures	 of	 both	 slip	 events	 are	 well	 preserved.	 The	 slow	 slip	 event	 is	 recorded	 by	 the	
development	of	a	~500	µm	thick	ultra-fine	layer,	while	the	fast	slip	event	by	the	development	of	a	
foliation	 in	 the	 lowermost	part	of	 the	gouge,	and	strain	 localization	 in	 the	PSS	with	evidence	of	






















































embedded	 in	 a	 very	 fine-grained	 (i.e.,	 <<	 1	 µm)	matrix	 of	 calcite	 and	 dolomite	 (microstructural	
domain	D2w).	Evidence	for	layer	fluidization	is	observed	within	domain	D2w	(Fig.	12c).	Moreover,	





of	 granular	materials,	 including	 (i)	 frictional	 heating	 and	 thermal	 pressurization	 (Boullier	 et	 al.,	
2009),	(ii)	dilation	limiting	grain-grain	contacts	(Borradaile,	1981,	Monzawa	and	Otsuki,	2003)	or	(iii)	
interconnection	 of	 phyllosilicate	 minerals	 providing	 mechanical	 weaknesses	 (Ujiie	 et	 al.,	 2011;	
Bullock	et	al.,	2015).	At	the	slip	velocity	at	which	we	documented	the	occurrence	of	fluidization	(i.e.,	
30	 µms-1),	 frictional	 heating	 and	 thermal	 pressurization	 is	 unlikely	 to	 play	 a	major	 role.	Water-
dampened	experiments	were	characterized	by	continuous	compaction	throughout	the	entire	run.	















At	 high	 slip	 rates	 (V	 ≥	 0.1	 ms-1),	 dynamic	 weakening	 in	 carbonate	 gouges	 under	 room-
humidity	conditions	has	been	explained	by	local	flash	heating	within	incipient	slip	surfaces	(Goldsby	
and	Tullis,	2011;	Tisato	et	al.,	2012),	which	eventually	coalesce	into	a	localized	and	through-going	






CO2	production	during	 shearing	 (Fig.	7a)	and	microstructural	observations	 indicate	 that,	 at	 least	
locally,	 temperatures	were	high	enough	for	dolomite	to	decarbonate	and	calcite	to	recrystallize.	
This	discrepancy	between	temperature	estimates	and	microstructural	observation	is	clearer	when	
considering	 the	 experiment	 performed	 at	 1	 ms-1	 under	 water-dampened	 conditions.	 Here,	 the	
calculated	(and	observed)	temperature	rise	was	ca.	200	°C.	However,	the	PZS	was	characterized	by	
the	 presence	 of	micropores	 (some	 of	 them	 probably	 formed	 by	 the	 decarbonation	 reaction	 of	





















These	 foliations	 documented	 by	 Smith	 et	 al	 (2017)	 broadly	 correspond	 to	 the	 foliated	
microstructural	domain	D1f	discussed	here.	Experiments	performed	at	increasing	displacement	in	
Smith	et	al	(2017)	showed	that	such	foliations	form	during	the	initial	strengthening	phase,	during	





















al.	 (2017)	 (Fig.	 15).	 However,	 in	 case	 (2)	 at	 30	 µms-1	 in	water-dampened	 conditions,	 significant	
microstructural	differences	 in	 the	geometry	of	 the	 foliations	were	noted.	Although	 the	 foliation	
	 96	
resulted	from	fracturing	and	shearing	of	calcite	and	dolomite	clasts,	individual	calcite-	and	dolomite-
rich	 domains	 are	 relatively	 continuous	 and	 characterized	 by	 straight	 boundaries	 (Fig.	 12b).	 No	
development	of	peculiar	microstructures	such	as	tails	around	larger	clasts	observed	in	the	gouges	
sheared	 at	 high	 velocity	 (compare	microstructural	 domain	 D1	 formed	 at	 low	 slip	 rate	 and	wet	
condition,	with	microstructural	domain	D1f	formed	at	high	slip	rate	and	room	humidity	conditions).	




One	 main	 problem	 that	 arises	 from	 the	 interpretation	 of	 the	 microstructures	 in	 the	
experiment	 at	 30	 µms-1	 and	 water-dampened	 conditions	 is	 due	 to	 the	 sample	 assembly	
configuration.	The	sample	holder	used	for	these	experiments	does	not	seal	the	gouges	perfectly,	
allowing	small	quantities	of	water	 (usually	 few	drops)	 to	be	expelled	during	sample	 loading	and	
shearing.	Small	misalignments	of	the	sample	holder	could	significantly	enhance	water	and	gouge	
loss	 during	 the	 experiment.	 For	 this	 reason,	 at	 very	 low	 velocity	 (i.e.,	 30	 µms-1)	 and	moderate	
displacements	(i.e.,	0.4	m),	the	duration	of	the	experiment	(about	four	hours)	might	result	in	partial	
drying	of	the	gouge.	Therefore,	the	presence	of	“dry”	patches	could	create	instabilities	within	the	








Finally,	our	microstructural	 investigations	across	a	wider	 range	of	 slip	 rates	and	ambient	
conditions	with	respect	to	the	work	by	Smith	et	al.	(2017)	seems	to	validate	their	initial	hypothesis	









domains	D1	and	D2d	 (b),	which	acts	 as	 a	 rheological	 boundary.	During	 this	 phase,	 a	 foliation	 is	

















2005;	 Smeraglia	 et	 al.,	 2017b).	 Seismological,	 geodetic	 and	 theoretical	 investigations	 show	 that	
during	the	nucleation,	propagation	and	arrest	of	an	earthquake	rupture,	the	slip	rate	at	a	point	on	
a	fault	evolves	continuously	and	non-linearly	(e.g.,	Scholz,	2002;	Heaton,	1990;	Tinti	et	al.,	2005).	
Most	 rotary-shear	 experiments	 to	 date	 have	 been	 performed	 by	 imposing	 constant	 slip	 rates	
between	phases	of	acceleration	and	deceleration	(e.g.	trapezoid	velocity	functions:	e.g.,	Han	et	al.,	
2010;	Di	Toro	et	al.,	2011;	Proctor	et	al.,	2014;	De	Paola	et	al.,	2015;	Smith	et	al.,	2015;	Aretusini	et	








slide-hold-slide	was	 not	 possible,	 a	 preset	 hold	 time	 of	 300	 seconds	was	 imposed.	 The	 friction	
evolution	 in	 the	 first	slip	pulse	was	consistent	with	single-slide	experiments	performed	to	 larger	
total	displacements	(Fig.	3c-f).	After	the	hold	time,	the	peak	friction	coefficient	showed	a	notable	
increase	with	respect	to	the	single	slide	experiments.	For	experiments	with	velocity	steps	from	low	
to	high	slip	rate	 (i.e.,	30	µms-1	 to	1	ms-1),	such	an	 increase	 in	the	peak	friction	can	be	explained	
through	the	 initial	tendency	of	 localizing	the	coseismic	strain	along	a	rheological	 interface	 in	the	
gouge,	as	the	boundary	between	the	microstructural	domain	D1	and	D2w	(Fig.	19b).	However,	due	
to	 the	 apparatus	 and	 sample	holder	 configuration,	 strain	was	 forced	 to	 localize	 adjacent	 to	 the	
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holder	“teeth”	on	the	stationary	side	(Fig.	19c;	Rempe,	2015).	This	“forced”	localization	mechanism	
could	 in	 part	 explain	 the	 observed	 higher	 peak	 friction	 coefficient.	 Another,	 more	 intuitive,	
explanation	 can	 derive	 from	 the	 duration	 of	 the	 hold	 time	 and	 subsequent	 healing	 processes,	





experiments	 under	 the	 same	 deformation	 conditions.	 Therefore,	 it	 is	 likely	 to	 have	 formed	












events	 between	 room-humidity	 and	 water-dampened	 experiments.	 In	 the	 room-humidity	 case,	









































Tullis,	 2011;	 De	 Paola	 et	 al.,	 2015;	 Smith	 et	 al.,	 2015).	 Under	 water-dampened	 conditions,	 the	
friction	 coefficient	 was	 between	 0.6-0.7	 at	 slip	 velocities	 up	 to	 0.1	 ms-1.	 Dynamic	 weakening	
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occurred	at	a	slip	rate	of	1	ms-1.	As	reported	in	previous	studies,	the	initial	strengthening	phase	was	
shorter	 in	water-dampened	conditions	and,	once	dynamic	weakening	was	 triggered,	 the	 friction	
drop	was	quite	abrupt.	The	above	mechanical	differences	observed	in	room-humidity	and	water-
dampened	 conditions	were	 also	 reflected	 in	 the	microstructures	 of	 the	deformed	 gouge	 layers.	




R2-shear	bands.	 For	 slip	 rates	 ≥	 0.1	ms-1,	 strain	was	 localized	within	 a	 thin	 shear	band	 in	which	
dolomite	experienced	decarbonation	and	recrystallization.	





the	 notion	 that	 some	 foliated	 gouges	 and	 cataclasites	 may	 form	 during	 seismic	 slip	 in	 natural	
carbonate-bearing	faults.	
Finally,	in	the	case	of	the	slide-hold-slide	experiments,	microstructures	characteristic	of	each	

















Single	slide	 	 	 	 	 	 	
	 s1210	 Room-humidity	 0.00003	 0.4	 17.4	 CDM1	
	 s1322	 Room-humidity	 0.00003	 0.1	 17.4	 CDM2	
	 s1211	 Room-humidity	 0.0001	 0.4	 17.4	 CDM1	
	 s1212	 Room-humidity	 0.001	 0.4	 17.4	 CDM1	
	 s1323	 Room-humidity	 0.001	 0.1	 17.4	 CDM2	
	 s1217	 Room-humidity	 0.01	 0.4	 17.4	 CDM1	
	 s1218	 Room-humidity	 0.1	 0.4	 17.4	 CDM1	
	 s1221	 Room-humidity	 1	 0.4	 17.4	 CDM1	
	 s1324	 Room-humidity	 1	 0.4	 26	 CDM2	
	 	 	 	 	 	 	
	 s1327	 Water-dampened	 0.00003	 0.05	 17.4	
CDM2	
	 s1329	 Water-dampened	 0.00003	 0.1	 17.4	
CDM2	
	 s1328	 Water-dampened	 0.00003	 0.2	 17.4	
CDM2	
	 s1214	 Water-dampened	 0.00003	 0.4	 17.4	
CDM1	
	 s1330	 Water-dampened	 0.00003	 0.4	 17.4	
CDM2	
	 s1215	 Water-dampened	 0.0001	 0.4	 17.4	
CDM1	
	 s1213	 Water-dampened	 0.001	 0.4	 17.4	
CDM1	
	 s1219	 Water-dampened	 0.01	 0.4	 17.4	
CDM1	
	 s1220	 Water-dampened	 0.1	 0.4	 17.4	
CDM1	
	 s1222	 Water-dampened	 1	 0.4	 17.4	
CDM1	
	 	 	 	 	 	 	
Velocity-
step	 	 	 	 	 	
	
	 s1223	 Room-humidity	 0.00003	–	1	 0.1	–	0.3	 17.4	 CDM2	
	 s1224	 Room-humidity	 1	–	0.00003	 0.3	–	0.1	 17.4	 CDM2	
	 s1225	 Water-dampened	 0.00003	–	1	 0.1	–	0.3	 17.4	
CDM2	
	 s1226	 Water-dampened	 1	–	0.00003	 0.3	–	0.1	 17.4	
CDM2	
	 	 	 	 	 	 	
Static	load	 	 	 	 	 	 	
	 sld	 Room-humidity	 	 	 17.4	 CDM1	
	 slw	 Water-dampened	 	 	 17.4	
CDM2	













Phase	 r	(kgm-3)	 cp	(Jkg-1K-1)	 𝜿	(m2s-1)	 Reference	
Calcite	 2700	 700	 1,48	*	10-6	 De	Paola	et	al.,	2015	
Dolomite	 2840	 1072	 1,15	*	10-6	 	
Water	 939	(400	K)	 4260	(400	K)	 2,338	*	10-5	(400	K)	 	




























This	 study	was	performed	with	 the	collaboration	of	Steven	A.F.	Smith,	Elena	Spagnuolo,	David	 J.	
Prior,	Michele	Fondriest	and	Giulio	Di	Toro.	I	performed	all	the	work	described	in	this	chapter.	I	was	









seismic	 cycle.	 Although	 microphysical	 and	 numerical	 models	 reproduced	 and	 predicted	 certain	
characteristics	 of	 sheared	gouges	 (e.g.,	 grain	 size	 distribution,	 frictional	 behavior),	 they	 typically	






wt.%	 dolomite.	 The	 gouges	 were	 sheared	 on	 a	 wide	 range	 of	 slip	 rates	 (30	 µms-1	 to	 1	 ms-1),	
displacements	(0.05	to	0.4	m)	and	deformation	conditions	(room-humidity	vs.	water-dampened).	At	
all	 investigated	 deformation	 conditions,	 calcite	 develops	 a	 crystallographic	 preferred	 orientation	
(CPO)	 on	 the	 (0001)	 plane,	with	 the	 c-axes	 inclined	 subparallel	 to	 the	 instantaneous	 shortening	
direction	and	the	poles	to	the	a-axes	direction	and	forming	a	girdle	perpendicular	to	it.	Eigenvalue	
analysis	 on	 the	 calcite	 orientation	 data	 shows	 that	 the	 CPO	 is	 typically	 stronger	 in	 experiments	
performed	under	room-humidity	conditions.	Misorientation	analysis	conducted	on	the	calcite	grains	






Since	 there	 is	 no	 evidence	 for	 dislocation	motion	 activity,	 the	 formation	 of	 a	 CPO	 in	 the	
cataclastic	 regime	 is	 interpreted	 to	 be	 the	 result	 of	 mechanical	 grain	 rotation	 and	 subsequent	
fracturing	along	cleavage	planes	oriented	sub-parallel	 to	 the	 instantaneous	shortening	direction.	
Finally,	the	very	high	differential	stress	magnitudes	estimated	with	calcite	twin	paleopiezometry	are	





Gouges	 and	 cataclasites	 are	 a	 common	product	of	 faulting	 in	 the	brittle	upper	 crust.	An	
investigation	of	the	processes	controlling	cataclasis	by	grain	comminution	is	a	key	step	towards	a	


























(EBSD)	 analysis	 to	 study	 granular	 carbonate	 gouges	 deformed	 experimentally	 in	 rotary-shear.	
























Images	 and	 orientation	 data	 were	 collected	 with	 a	 Zeiss	 Sigma	 VP	 Field-Emission-Gun	
Scanning	Electron	Microscope	equipped	with	a	NordlysF	EBSD	camera	 from	Oxford	 Instruments,	
located	 at	 the	 Otago	 Centre	 for	 Electron	Microscopy,	 University	 of	 Otago	 (New	 Zealand).	 Raw	









of	 the	 raw	EBSD	data,	 reducing	 the	misindexing.	However,	 the	quality	of	 the	coupled	EDS-EBSD	
analysis	was	highly	sensitive	to	the	position	of	the	sample	with	respect	to	the	detectors.	Therefore,	








microstructural	 domains	 were	 found	 typically	 at	 distances	 greater	 than	 400-500	 µm	 from	 the	
principal	slip	surface	(Fig.	2d	from	Chapter	II).	In	fact,	recent	studies	have	demonstrated	that	in	the	








CHANNEL5	 software	 (from	 HKL	 Technology,	 Oxford	 Instruments)	 was	 unable	 to	 yield	 accurate	
crystallographic	 orientation	 data.	 Therefore,	 data	 cleaning	 and	 processing	was	 carried	 out	with	
MTEX	 (Bachmann	 et	 al.,	 2010).	 MTEX	 is	 a	 free	 MATLAB	 toolbox	 developed	 for	 analyzing	 and	
























in	 the	calcite	grain	and	at	 the	border	of	dolomite	grains.	The	use	of	EDS	spectra	 to	 identify	 the	

























stoichiometric;	 Fig.	 2	 d-f).	 During	 this	 step,	 non-indexed	 pixels	 remained	 unchanged.	 For	 each	
indexed	pixel,	depending	on	 the	Mg/Ca	ratio,	only	 the	property	called	“phase”	 (or	mineral)	was	
changed,	 without	 changing	 the	 original	 crystal	 orientation.	 Before	 continuing	 with	 the	 data	




direction	 (i.e.,	 1120 ;	 Fig.	 3)	 due	 to	 the	 pseudosymmetrically	 equivalent	 patterns	 that	 are	
sufficiently	similar	and	only	differ	by	one	or	two,	often	weak,	diffraction	bands	(Pearce	et	al.,	2013).	
Such	systematic	misindexing	is	typically	overcome	by	mapping	dolomite	as	Mg-calcite,	which	has	a	





the	 possible	 textural	 evolution	 of	 dolomite	 grains	 during	 deformation,	 EBSD	 analysis	 was	 also	
performed	on	pure	dolomite	gouges	deformed	with	a	rotary	shear	machine	at	similar	conditions	as	
those	 imposed	to	the	calcite/dolomite	gouge	mixtures	(see	Table	1).	 In	this	case,	the	systematic	
misindexing	 issue	 was	 resolved	 by	 indexing	 dolomite	 as	 Mg-calcite,	 and	 thus	 orientation	 data	
obtained	were	reliable.	
	







shape	 of	 the	 CPO.	 All	 pole	 figures	 were	 plotted	 as	 equal	 area	 and	 upper	 hemisphere	 in	 the	
stereograms	(e.g.,	Fig.	4).		
To	quantify	the	strength	of	the	CPOs,	the	eigenvalues	orientation	tensor	(Woodcock,	1977)	
















Burkhard,	 1993;	 Ferrill	 et	 al.,	 2004;	 Rybacki	 et	 al.,	 2011,	 2013).	 Twinning	 occurs	when	 a	 critical	
resolved	shear	stress	(CRSS)	along	a	determined	crystallographic	plane	is	overcome.	In	the	case	of	
twinning	in	calcite,	the	planes	responsible	for	twin	formation	are	typically	the	faces	of	the	rhomb	
(the	 most	 common	 are	 the	 e-planes)	 and	 the	 temperature	 range	 at	 which	 such	 deformation	
mechanism	is	efficient	is	commonly	restricted	to	less	than	400	°C	(Turner,	1953;	Carter	and	Raleigh,	
1969;	Groshong,	 1988;	De	Bresser	 and	 Spiers,	 1997).	 In	 this	 study,	 calcite	 paleopiezometry	was	
applied	 on	 four	 samples	 to	 test	 the	 potential	 of	 this	 type	 of	 analysis	 to	 infer	 local	 stresses	
experienced	in	granular	materials	during	shearing.	Differential	stress	(Δ𝜎)	was	calculated	following	
the	twin	density	paleopiezometer	from	Rowe	and	Rutter	(1990):	
	 ∆𝜎 = 	−52.0 + 171.1 log𝐷				[MPa]			 (Eq.	1)	
	 114	
where	 D	 is	 twin	 density,	 defined	 as	 the	 number	 of	 twins	 per	 millimeter.	 This	
paleopiezometer	has	an	estimated	error	of	±	43	MPa.	Alternatively,	Δ𝜎	was	calculated	with	 the	
revised	paleopiezometer	by	Rybacki	et	al.	(2013):		
	 ∆𝜎 = 	10B.-j±l.l-𝜌mn,#l.Ml±l.lM				[MPa]		 	 (Eq.	2)	












Fig.	 4).	 Calcite	 grains	 in	 the	 starting	 material	 showed	 no	 CPO	 (Fig.	 4)	 and	 had	 no	 significant	
intracrystalline	 distortion	 (Fig.	 5a),	 with	 the	 parameter	 C	 =	 0.45	 (dashed	 line	 in	 Fig.	 7b).	
Misorientation	analysis	on	the	starting	material	for	correlated	and	uncorrelated	grains	(Wheeler	et	
















Fig.	 4.	 (previous	 page)	 Orientation	 data	 for	 calcite	 grains	 over	 a	 wide	 range	 of	 experimental	
conditions.	Values	have	been	scaled	around	the	maximum	density	value	for	experiment	at	1ms-1	in	
room-humidity	 conditions	 (i.e.,	 2.3)	 to	 highlight	 cluster	 density	 variations	 with	 deformation	
conditions.	In	the	starting	material,	no	clear	CPO	development	was	observed	(calcite	grains	were	
randomly	oriented).	Development	of	a	texture	consisting	in	the	c-axes	planes	clustered	around	40-
50°	 to	 the	 y-axis	 and	 sub-parallel	 to	 the	 instantaneous	 shortening	 direction	 was	 observed	
throughout	 all	 the	 imposed	 deformation	 conditions.	 Room-humidity	 experiments	were	 typically	
characterized	by	a	higher	density	around	c-axis	cluster	in	respect	to	the	water-dampened	case.	The	
a-axis	 was	 oriented	 along	 a	 girdle	 perpendicular	 to	 the	 c-axis	 maxima.	 When	 a	 foliation	 was	
observed	 in	 the	 gouge,	 the	 a-axis	 girdle	 was	 typically	 oriented	 subparallel.	 All	 CPO	 data	 were	














































in	 this	 chapter,	 show	 the	 development	 of	 a	 CPO	 with	 the	 c-axis	 clustered	 sub-parallel	 to	 the	























plotted	 on	 the	 left	 side	 of	 the	 girdle/cluster	 transition,	 indicating	 the	 development	 of	 a	 cluster	
texture.	b)	Plot	of	C	(i.e.,	the	logarithm	of	the	ratio	between	the	largest	and	smallest	eigenvalues,	
used	 to	quantify	 the	 strength	of	 the	 fabric)	 vs.	 slip	 rate.	Velocity	 step	experiments	 and	 starting	
material	were	plotted	with	a	1	ms-1	slip	rate	value.	Room-humidity	experiments	were	characterized	








the	 bulk	 gouge	 (i.e.,	 experiments	 s1214	 and	 s1221:	 see	 Chapter	 II	 for	 a	 comprehensive	
characterization	of	 the	microstructures),	 the	 c-axis	 and	a-axis	 are	oriented,	 respectively,	 at	high	
angles	and	sub-parallel	to	the	gouge	foliation.	Calcite	CPOs	under	room-humidity	conditions	were	



























































anticlockwise	 to	 the	 gouge	 layer	 boundaries	 (Fig.	 11b),	 sub-perpendicular	 to	 the	 instantaneous	
shortening	 direction.	 Although	 the	 orientation	 of	 the	 twins	 had	 some	 scattering	 with	 different	
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grain	size.	However,	 the	estimates	would	be	reasonable	only	 in	 the	case	of	samples	 loaded	 in	a	
single,	 coaxial,	 strain-inducing	 event,	 which	 is	 not	 the	 case	 for	 experiments	 in	 rotary	 shear	
apparatuses.	Other	than	that,	stresses	will	be	overestimated.	For	our	samples,	twin	incidence	was	













recrystallization	 (e.g.,	 Poirier,	 1985,	 and	 references	 therein;	 Karato,	 2008;	 Hansen	 et	 al.,	 2011).		
Another	mechanism	likely	to	form	a	CPO	is	the	oriented	growth	of	crystals	in	veins	along	specific	
crystal	directions	(e.g.,	the	c-axis	for	quartz;	Bons	et	al.,	2012,	and	references	therein).	
Recently,	 some	 studies	 reported	 the	 formation	 of	 a	 CPO	 in	 both	 natural	 cataclasites	





orientation	 (SPO)	 of	 the	 calcite	 grains	 that	 were	 interpreted	 to	 have	 deformed	 by	 dynamic	
recrystallization	in	a	thin	layer	of	plastically-deformed	calcite.	The	development	of	a	CPO	was	also	
observed	 in	 calcite	 gouges	 sheared	 at	 sub-seismic	 velocity	 (V	 =	 0.1	 –	 10	µms-1;	 Verberne	et	 al.,	
2013b).	 In	 this	 case,	 extreme	 comminution	 (grain	 size	 ~	 5-20	 nm)	 localized	 along	 Riedel	 and	
boundary	 shear	 bands,	 along	 with	 an	 ambient	 T	 of	 c.	 80	 °C,	 promoted	 deformation	 of	 calcite	
nanograins	 by	dislocation	 glide	 along	 the	 rhomb	 r-planes	 (Verberne	et	 al.,	 2013b).	 Their	 results	
showed	that	the	increase	of	ambient	temperature	resulted	in	the	activation	of	dislocation	glide	in	











rise	along	 the	PSS	during	 intermediate-	 to	high-velocity	experiments	promoted	 the	activation	of	
thermally-dependent	 deformation	 mechanisms	 in	 the	 bulk	 gouge.	 	 This	 is	 also	 supported	 by	

















development	 of	 a	 CPO	 with	 the	 c-axes	 oriented	 sub-parallel	 to	 the	 instantaneous	 shortening	
direction.	b)	The	grains	composing	the	CPO	within	a	30°	radius	cone	from	the	mode	were	ca.	9%	of	






































Fig.	 10.	 (next	 page)	 Fracture	 and	 calcite	 twin	 planes	 orientation	 analysis.	 a)	 Under	 static	 load	
conditions,	fractures	were	typically	oriented	sub-parallel	to	the	vertical	normal	load.	Calcite	twins	
were	 few	 in	 number	 and	 scattered	 in	 orientation.	 b)–e)	 In	 sheared	 samples,	 fractures	 had	 a	
preferred	 orientation	 sub-parallel	 to	 the	 instantaneous	 shortening	 direction.	 Conversely,	 newly	























CPO	developed	 in	 the	gouge	 layers	at	all	 tested	conditions,	with	 the	c-axes	of	 the	calcite	grains	
oriented	sub-parallel	to	the	instantaneous	shortening	direction	(𝜎1)	(Fig.	4).	Moreover,	the	CPO	was	
typically	weaker	in	the	case	of	water-dampened	experiments	(Fig.	7).	No	low	misorientation	angles	





mechanical	 rotation	 and	 fracturing	 of	 grains	 along	 cleavage	 planes	 during	 the	 early	 stages	 of	
shearing,	when	strain	and	cataclasis	occurred	within	the	bulk	gouge	 layer	 (Fig.	13).	During	static	




shortening	direction	𝜎1	 (Fig	13b).	At	 this	stage,	 the	grains	 in	such	an	orientation	would	fracture	
relatively	easily	along	cleavage	planes	(i.e.,	the	rhomb	planes)	oriented	sub-parallel	to	the	c-axes.	
This	 is	predicted	to	 lead	to	the	 formation	of	a	shape-preferred	orientation,	with	elongate	grains	
oriented	sub-parallel	to	𝜎1	(Fig	13b).	This	process	may	be	capable	of	keeping	the	grains	in	a	“stable”	











stress.	 In	addition,	previous	 investigations	on	the	mechanical	role	of	water	 in	cohesive	and	non-
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cohesive	calcite-built	 rocks	during	shearing	showed,	with	 respect	 to	 the	experiments	performed	
under	 room	 humidity	 conditions,	 a	 shorter	 strengthening	 phase	 at	 the	 initiation	 of	 slip	 in	 the	
presence	of	liquid	water	(Violay	et	al.,	2014;	Rempe	et	al.,	2017).	The	shorter	strengthening	phase	
in	the	presence	of	liquid	water	was	also	concomitant	to	faster	strain	localization	in	the	gouge	layer	
(Violay	 et	 al.,	 2014;	 Rempe	 et	 al.,	 2017).	 Clearly,	 the	 latter	 would	 imply	 that	 less	 strain	 is	
accommodated	in	the	bulk	gouge	prior	to	the	onset	of	dynamic	weakening,	resulting	in	less	grains	
having	the	possibility	to	rotate	in	an	orientation	optimal	for	fracturing.	Furthermore,	the	presence	





al.,	 2013b)	 ascribed	 the	 occurrence	 of	 a	 CPO	 to	 temperature-dependent	 intracrystalline	
deformation	during	shearing,	our	results	suggest	that	similar	crystallographic	orientations	can	be	
obtained	through	purely	brittle	deformation	(i.e.,	 fracturing)	and	minimum	intracrystalline	strain	









Twinning	 in	 calcite	 is	 a	 very	 common	 microstructural	 feature	 associated	 with	 low	




















In	 our	 samples,	 calcite	 composed	 half	 of	 the	 deformed	 gouge.	 Mechanical	 e-twinning	
occurred	mainly	in	the	larger	grains	(ca.	≥	100	µm	in	diameter)	within	the	gouge.	Only	occasionally	
twins	were	 detected	 in	 the	 grains	 composing	 the	matrix	 (grain	 size	 <	 20	 µm).	 Paleopiezometry	
analysis	resulted	in	estimated	Δ𝜎	of	ca.	129	MPa	for	the	static	load,	and	higher	differential	stresses	
in	 the	 case	of	 the	 sheared	gouges	 (ca.	 152	–	175	MPa).	 Such	estimates	 are	about	one	order	of	
magnitude	 higher	 than	 the	 load	 applied	 in	 the	 experiments.	 An	 intuitive	 explanation	 for	 these	
unexpectedly	high	values	might	reside	in	the	fact	that	larger	calcite	grains	“feel”	the	local	stresses	
associated	 with	 the	 development	 of	 force	 chains	 within	 the	 gouge	 layers	 during	 shearing	 and	
cataclasis.	Force	chains	have	been	described	in	micromechanical	models	for	fault	friction	evolution	
and	comminution	within	gouge	(e.g.,	Sammis	et	a.,	1987;	Sammis	and	Steacy,	1994;	Cates	et	al.,	
1998;	 Sammis	 and	 King,	 2007).	Within	 a	 granular	material	 with	 a	 non-homogeneous	 grain	 size	
distribution	undergoing	 shear,	 the	 stress	 distribution	 is	 heterogeneous.	 The	 applied	 load	 at	 any	
given	time	 is	carried	by	a	network	of	constantly	evolving	grain	bridges	spanning	the	gouge	 layer	























grain	bridges	will	be	 likely	 to	have	undergone	much	higher	 stresses	 than	 the	applied	17.5	MPa.	
Moreover,	 in	 our	 case,	 the	 presence	 of	 a	 bimaterial	 system	 (i.e.,	 calcite	 and	 dolomite)	 would	
promote	concentration	of	stresses	 into	the	strong	“skeleton”,	here	represented	by	the	dolomite	
grains.	 Therefore,	 for	 calcite	 grains	 surrounded	 by	 dolomite	 grains,	 the	 stress	 carried	would	 be	
intuitively	higher	than	in	the	case	of	a	pure	calcite	gouge.	As	a	conclusion,	the	high	Δ𝜎	estimates	
obtained	 from	 the	calcite	 twin	paleopiezometer	 could	be	an	 indication	of	 the	magnitude	of	 the	
stresses	that	developed	along	grain	bridges	during	cataclasis.	An	investigation	of	the	magnitude	of	








gouges	 was	 interpreted	 as	 the	 result	 of	 mechanical	 grain	 rotation	 and	 subsequent	 fracturing	








Smith	 et	 al.,	 2013;	 Collettini	 et	 al.,	 2014).	 Our	 investigation	 suggests	 that	 calcite	 twin	
paleopiezometry	in	fault	gouges	and	cataclasites	could	record	the	stress	distribution	during	force	
chain	 development	 in	 the	 early	 stages	 of	 cataclasis	 (e.g.,	 Mair	 and	 Hazzard,	 2007).	 However,	
prolonged	cataclasis,	and	related	grain	size	reduction,	would	likely	progressively	hinder	the	ability	
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and	 reliability	 of	 the	 analysis.	 Finally,	 incorporation	 of	 CPO	 development	 by	 mechanical	 grain	
rotation	and	preferred	fracture	and	twin	alignments	in	calcite,	together	with	other	physico-chemical	








Under	 all	 tested	 conditions,	 calcite	 in	 the	 bulk	 gouge	 layers	 developed	 a	 well-defined	
crystallographic	 preferred	 orientation	 (CPO),	 consisting	 of	 c-axes	 oriented	 sub-parallel	 to	 the	
instantaneous	 shortening	 direction,	 and	 poles	 to	 the	 a-axes	 direction	 forming	 a	 girdle	 sub-
perpendicular	to	the	c-axes	cluster.	The	formation	of	a	CPO	was	interpreted	to	reflect	mechanical	












granular	 fault	 rocks	 over	 a	 wide	 range	 of	 conditions.	 This	 has	 important	 implications	 for	 the	






















humidity	 	 	 	 	
	 	 	
	 s1322	 0.00003	 0.1	 x	 x	 	 	
	 s1323	 0.001	 0.1	 x	 x	 	 	
	 s1217	 0.01	 0.4	 x	 x	 x	 x	
	 s1218	 0.1	 0.4	 x	 x	 	 	
	 s1221	 1	 0.4	 x	 x	 x	 	
	 s1223	 0.00003	–	1	 0.1	–	0.3	 x	 x	 	 x	
	 	 	 	 	 	 	 	
Water-
dampened	 	 	 	 	
	 	 	
	 s1327	 0.00003	 0.05	 x	 x	 	 	
	 s1329	 0.00003	 0.1	 x	 x	 	 	
	 s1328	 0.00003	 0.2	 x	 x	 	 	
	 s1214	 0.00003	 0.4	 x	 x	 x	 	
	 s1330	 0.00003	 0.4	 x	 x	 	 	
	 s1215	 0.0001	 0.4	 x	 x	 	 	
	 s1213	 0.001	 0.4	 x	 x	 	 	
	 s1220	 0.1	 0.4	 x	 x	 	 	
	 s1226	 1	–	0.00003	 0.3	–	0.1	 x	 x	 x	 x	




slw	 	 	 x	 x	 x	 x	




s269	 1	 2.61	 x	 x	 Note:	normal	load	of	8.5	MPa	




s525	 0.1	 0.86	 x	 x	 	
	










	 	 	 	 	 	
s1217	 range	 14	–	150	 65	 156	±	39	 248	±	43	average	 64	±	32	
s1223	 range	 12	–	128	 36	 152	±	37	 245	±	43	average	 60	±	25	
s1226	 range	 22	–	119	 20	 175	±	45	 266	±	43	average	 78	±	27	
slw	 range	 7	–	92	 28	 129	±	30	 217	±	43	average	 45	±	23	









































of	 both	 natural	 and	 experimental	 faults.	 Although	 various	 deformation	 processes	 have	 been	
implicated	in	their	formation,	their	origin	(seismic	vs.	aseismic)	and	mechanical	behaviour	on	fault	











































composition	 of	 the	 particles	 during	 shearing	 might	 be	 different	 from	 those	 achieved	 during	
deformation.	 This,	 for	 instance,	 resulted	 in	 contrasting	 interpretations	 of	 the	 deformation	
mechanisms	 activated	 in	 the	 experiments	 reproducing	 seismic	 slip	 conditions	 (see	 below).	
Additionally,	 because	 nanoparticles	 were	 found	 both	 in	 experiments	 simulating	 aseismic	 and	
seismic	deformation	conditions	and	slip	rates	(e.g.,	Han	et	al.,	2010;	Tisato	et	al.,	2012;	Verberne	et	
al.,	2013b;	Spagnuolo	et	al.,	2015;	Smeraglia	et	al.,	2017b),	 it	 is	still	doubtful	whether	there	 is	a	
peculiar	microstructural	 feature	 in	nanoparticles	 that	would	ascribe	their	 formation	to	a	specific	
fault	slip	behavior	(seismic	vs.	aseismic).	
Perhaps	 more	 relevant,	 the	 role	 of	 the	 presence	 of	 nanoparticles	 on	 the	 frictional	 and	
rheological	properties	of	 fault	 zones	during	 the	 seismic	 cycle	 is	 also	debated.	High-velocity	 rock	





weakening	 as	 the	 result	 of	 a	 switch	 from	 high	 sliding	 friction	 to	 low	 rolling	 friction,	 with	
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nanoparticles	that	start	to	roll	along	the	fault	slip	surface	instead	of	sliding	(Han	et	al.,	2011).	More	
recent	 experimental	 studies	 performed	 at	 high-velocity	 (slip	 rate	V	 =	 1	ms-1)	 have	 explored	 the	
possibility	that	nanoparticles	could	influence	fault	rheological	properties	due	to	the	activation	of	
“viscous”	 deformation	mechanisms.	 In	 particular,	 the	 production	 of	 nanoparticles	 coupled	with	
temperature	 rise	 due	 to	 frictional	 heating	 could	 promote	 grain-size	 sensitive	 deformation	
mechanisms	 such	 as	 grain	 boundary	 sliding	 (GBS)	 aided	 by	 dislocation-	 or	 diffusion	 creep	 (i.e.,	

























through	TEM	analysis,	the	 latter	typically	 lack	of	statistical	significance	(i.e.,	 large	data	collection	
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would	be	highly	time	and	money	consuming)	and,	more	relevant,	loss	of	the	overall	microstructural	
context	 given	 the	 extremely	 limited	 volume	 of	 the	 analyzed	 sample.	 Clearly,	 robust	 statistical	
analysis	of	significant	volumes	of	nanogranular	aggregates	would	allow	us	to	test	the	hypotheses	
regarding	the	mechanisms	that	control	deformation	in	natural	and	experimental	slip	zones.		
In	 the	 last	 few	years,	a	novel	 technique	called	Transmission	Kikuchi	Diffraction	 (TKD)	has	
been	developed	and	applied	in	material	science	studies	(e.g.,	Trimby,	2012;	Trimby	et	al.,	2014).	The	
TKD	allows	the	investigator	to	obtain	the	same	type	of	information	as	in	conventional	EBSD	analysis,	




























Fig.	1.	 (previous	page)	Transmission	Kikuchi	Diffraction	 (TKD)	 in	 the	SEM	setup.	 a)	The	sample	


















beam	propagation	direction,	 the	 sample	 is	 almost	 unaffected	by	 irradiation	damage,	which	 is	 a	
common	issue	when	performing	argon	ion	milling.	
	









area	 along	 the	 leading	 edge	 of	 the	 sample,	 corresponding	 in	 this	 case	 to	 the	 position	 of	 the	






































Chapter	 II)	 indicated	that	this	part	of	the	sample	 likely	accommodated	most	of	the	strain	during	
























the	 exact	 orientation	 of	 the	 sample	 during	 the	 analysis	 (i.e.,	 back-tilt	 of	 3.3°).	 This	 step	 was	
performed	in	the	CHANNEL5	software	(from	HKL	Technology,	Oxford	Instruments).	Once	rotated,	




result	 in	 bright	 areas,	whilst	 dark	 or	 black	 pixels	would	 indicate	 low	 quality	 pattern	 (e.g.,	 grain	


























































































(Fig.	5).	However,	due	to	 the	resolution	of	 the	EDS	map	and	the	relatively	minor	variation	 in	Ca	
between	calcite,	Mg-calcite	and	dolomite,	it	was	not	possible	to	identify	whether	the	bimodal	grain	
size	 distribution	 described	 in	 section	 3.1	 correlates	 with	 chemical	 differences	 in	 the	 PSZ.	





























1	 for	0.4	m	of	displacement	under	 room-humidity	 conditions	 (i.e.,	 samples	1221	and	 s1324,	 see	
Chapter	II),	a	discrete,	mirror-like	PSS	cutting	the	gouge	was	observed	(Chapter	II).	The	PSZ	was	ca.	
15-20	 µm	 thick	 and	 consisted	 of	 calcite,	 periclase	 and	 Mg-calcite,	 the	 latter	 two	 being	 a	
decarbonation	product	of	dolomite	(i.e.,	𝑀𝑔𝐶𝑎(𝐶𝑂X)- 	⟹ 𝑀𝑔𝑂 +	 𝐶𝑎,𝑀𝑔 𝐶𝑂X +	𝐶𝑂-;	Samtani	
et	 al.,	 2002).	Microstructural	 investigation	 of	 the	 PSS	with	 secondary	 electrons	 (SE)	 at	 the	 SEM	
showed	a	very	compact	structure	composed	of	nanograins	with	sizes	down	to	ca.	100	nm	(Fig.	9a).	
The	 TKD	 analysis	 of	 the	 PSZ	 in	 cross-section	 shows	 a	 foam-like	 polygonal	 texture	 with	 equant	
nanograins	 having	 120°	 triple	 junctions	 and	 recurrent	 quadruple	 junctions	 (e.g.,	 Fig.	 5a).	 Such	




rotary-shear	 deformation	 experiments	 in	 calcite	 gouges,	 De	 Paola	 et	 al.	 (2015)	 performed	 flow	
stress	 calculations	 to	 test	 their	 hypothesis	 that	 the	 observed	 drop	 in	 the	 friction	 coefficient	 at	


















in	 the	 grains,	 hence	 the	 occurrence	 and	 density	 of	 dislocations,	 with	 dislocations	 being	 more	
abundant	in	grains	with	higher	internal	misorientations.	In	the	case	of	diffusion-creep,	strain-free	
grains	are	expected	(Fig.	8a;	Poirier,	1985).	On	the	other	hand,	development	of	sub-grain	boundaries	
suggests	 that	 larger	 grains	 were	 deforming	 by	 dislocation	 creep	 (Fig.	 8b;	 Rutter,	 1995).	 Both	
processes	 were	 probably	 active	 simultaneously	 in	 grain	 population	 with	 different	 grain	 sizes.	















































model	 developed	 by	 Ashby	 and	 Verrall	 for	 neighbor	 switching	 during	 superplastic	 flow	
accommodated	by	grain	boundary	sliding	(GBS)	aided	by	diffusion	creep.	 	
	 159	


















in	Ca	moving	 away	 from	 the	PSS	was	 clear.	 Similar	 behavior	 has	been	observed	 in	 rotary-shear	
experiments	on	solid	cylinders	performed	on	calcitic-	and	dolomitic-marble	and	deformed	at	very	
high	slip	rates	(V	=	6	ms-1)	for	large	displacements	(d	>	10	m)	(Di	Toro,	personal	communication).	











The	nature	of	 the	nanoparticles	observed	 in	 the	PSZ	and	their	 influence	on	 the	 frictional	
evolution	of	gouges	 is	still	not	well	understood.	Occurrence	of	sub-micron	grains	(D	<	1	µm)	has	
been	 documented	 in	 experiments	 performed	 at	 lower	 slip	 rates	 (V	 <<	 1	ms-1)	 and	 both	 in	 the	
presence	and	absence	of	water	(see	microstructural	characterization	in	Chapter	II).	The	production	
of	nanoparticles	consisting	of	thermal	decomposition	products	(e.g.,	Mg-	calcite	and	periclase	in	the	












lower	 slip	 rates	 (V	 <<	 1	 ms-1),	 nanoparticles	 were	 also	 likely	 to	 be	 formed	 due	 to	 intense	
comminution	in	the	PSZ	at	deformation	conditions	where	the	temperature	rise	was	much	less	than	
that	required	for	decarbonation	of	dolomite	(i.e.,	ca.	550	°C,	Samtani	et	al.,	2002).	Therefore,	the	









The	 TKD	 analysis	 was	 performed	 on	 electron-transparent	 foils	 prepared	 from	 gouges	









characterized	 by	 the	 development	 of	 sub-grains	 and	 low-angle	 boundaries.	 The	 CPO	 analysis	
showed	 the	presence	of	a	weak	CPO	 that	progressively	disappeared	moving	parallel	 to	 the	PSS.	

























	 	 	 	 	 	 	
9	 50	 6.60	 23.06	 31.3	 75	 	
13	 50	 6.50	 15.50	 21.9	 94	 	
15	 35.3	 6.53	 9.71	 33.1	 96	 x	









The	 studies	 presented	 in	 this	 thesis	 dealt	with	 the	 characterization	 of	 the	 structure	 and	
deformation	processes	active	 in	 fault	zones	cutting	carbonate	rocks,	with	observations	spanning	
over	more	 than	 ten	orders	of	magnitude	 (from	103-4	m	 in	Chapter	 I	 to	10-9	m	 in	Chapter	 IV).	 In	
particular,	 the	 main	 questions	 here	 addressed	 regard	 (i)	 the	 quantification	 of	 the	 structural	
complexity	 of	 active	 fault	 zones	 (Chapter	 I),	 (ii)	 the	 frictional	 and	 microstructural	 evolution	 of	
carbonate	mixes	gouges	(Chapter	II)	and	(iii)	the	deformation	processes	that	are	active	during	fault	
slip	in	carbonate	gouges	(Chapter	III	and	IV).	
The	 structure	 of	 fault	 zones	 has	 a	major	 influence	 on	 their	mechanics	 and	 seismogenic	
behavior,	and	more	broadly	on	the	earthquakes	distribution	during	seismic	sequences.	Therefore,	










current	 work	 regarding	 the	 VCFZ	 (mainly	 carried	 out	 by	 Michele	 Fondriest)	 is	 focused	 on	 the	
construction	 of	 a	 three-dimensional	 (3D)	 model	 starting	 from	 the	 detailed	 field	 surveys.	 A	
comparison	of	the	3D	architecture	of	the	VCFZ	with	the	one	documented	for	the	seismic	source	of	
the	L’Aquila	2009	seismic	sequence	could	improve	our	understanding	of	the	structures	responsible	
for	 the	 seismic	 sequences	 in	 the	 Central	 Apennines	 for	 seismic	 hazard	 studies.	 Moreover,	 the	







used	as	a	benchmark	 for	 the	characterization	of	 fault	 zones	and	their	monitoring	 in	other	areas	
worldwide.	
Motivated	by	their	widespread	occurrence	in	the	VCFZ,	Chapter	II	focused	on	the	frictional	




gouges,	 as	 low	as	15	wt%,	 showed	already	a	 significant	 change	 in	 the	 frictional	behavior	of	 the	
gouge,	with	less	displacement	required	to	achieve	dynamic	weakening.	The	presence	of	liquid	water	
had	also	a	strong	influence	on	the	frictional	evolution	of	the	mixed	gouge	by	“stabilizing”	the	gouge	
























III,	 by	 means	 of	 standard	 electron	 backscatter	 diffraction	 (EBSD)	 microanalysis,	 addressed	 the	
deformation	mechanisms	operating	in	the	gouge	(micrometric	in	size)	sandwiching	the	slip	zone,	






subsequent	 fracturing,	 rather	 than	 an	 evidence	 of	 dislocation	mobility	 activity.	 The	 calcite	 twin	










seismic	 slip	 rate	 (i.e.,	 1	 ms-1)	 was	 investigated	 with	 the	 Transmission	 Kikuchi	 Diffraction	 (TKD)	
technique.	TKD	 is	a	newly	developed	technique,	and	 its	application	has	been	mainly	confined	to	
material	 science	 studies	 so	 far	 (only	 two	 papers	 have	 been	 published	 with	 TKD	 application	 on	
geological	materials,	Piazolo	et	al.,	2016;	Delle	Piane	et	al.,	2018).	The	very	high	resolution	of	the	
TKD	(down	to	20	nm	compared	to	the	ca.	500	nm	of	the	standard	EBSD)	and	the	wealth	of	data	






occur	 in	 nature.	 Moreover,	 though	 geological	 materials	 resulted	 to	 be	 by	 far	 more	 technically	
challenging	 to	 study	with	 the	 TKD	with	 respect	 to	metals	 and	 alloys	 (e.g.,	 sample	 preparation,	
indexing)	the	encouraging	results	obtained	in	this	thesis	will	be	the	starting	point	for	future	work	
making	the	TKD	nano-analysis	an	easier	technique	for	the	study	of	nanoparticles	in	nature.	
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